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ABSTRACT OF THE DISSERTATION
MELANOCYTES IN THE DEVELOPING AND ADULT ATRIOVENTRICULAR
VALVES OF THE MURINE HEART
by
Flavia Cameiro Brito
Florida International University, 2008
Miami, Florida
Professor Lidia Kos, Major Professor
The Neural Crest (NC) is a multipotential group o f cells that arises from the
dorsal aspect o f the neural tube early in development. It is well established that a group of
NC cells named Cardiac Neural Crest (CNC) migrates to the heart and plays a critical
role in the remodeling o f the aortic arch arteries and septation o f the outflow tract. In this
study, using the mouse mutant Pax3sp/sp that has CNC deficits I have identified a putative
novel role for the CNC in regulating apoptosis in the atrioventricular (AV) endocardial
cushion. The AV endocardial cushion undergoes remodeling to give rise to the cardiac
AV valves. Using a transgenic mouse that carries the LacZ reporter gene under the
control o f the Dopachrome tautomerase promoter (Dct-LacZ), I found that another NC
derived population, melanocyte precursors, also contribute to the AV endocardial cushion
and developing AV valves. The analysis o f Dct-LacZ embryos at different stages showed
that NC cells already committed to the melanocytic fate migrate to the heart along the
same initial pathway taken by those that will populate the skin. Hypopigmented mice
carrying mutations in the Kit and Endothelin receptor b genes, that are critical for the
proper development o f skin melanocytes, do not have cardiac melanocytes indicating that

cardiac and skin melanocyte precursors share the same initial signaling requirements. The
analysis o f murine adult hearts showed that melanocytes are mostly found in the atrial
sides o f the tricuspid and mitral valve leaflets. The distribution o f melanocytes in the AV
valves corresponds exactly to areas o f high Versican B expression, a proteoglycan
essential for the process o f AV valve remodeling. To evaluate a potential role for
melanocytes in the AV valves, a nanoindentation analysis o f the tricuspid valves o f wild
type, hypopigmented and hyperpigmented mice was performed. The storage modulus, a
measure o f stiffness, for the leaflets obtained from hyperpigmented mice was
considerably higher (10.5GPa) than that for the leaflets from wild type (7.5GPa) and
hypopigmented animals (between 3.5 and 5.5 GPa) suggesting that melanocytes may
contribute to the mechanical properties o f the AV valves.
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CHAPTER I: RESEARCH OVERVIEW

1. Neural Crest cells
The neural crest (NC) cells are derived from an epithelial lineage arising from the
dorsal part o f the ectoderm. They emerge from the junction o f the dorsal part o f the
neural tube and the future epidermis (Schoenwolf and Nichols, 1984). NC cells leave the
neural tube at all axial levels and contribute a variety o f cell types. The crest is divided
into four main regions. The cranial NC provides cells that migrate dorsolateraly to
produce the craniofacial mesenchyme which will differentiate into cartilage, bone, cranial
nerves, glia, and connective tissue o f the face. Part o f the cranial NC cells also invade the
pharyngeal arches and pouches to give rise to the odontoblasts o f the tooth primordia,
thymic cells, and the bones o f the jaw and middle ear. The trunk NC cells undertake two
major pathways, namely, ventromedial and dorsolateral. Those cells that take the
ventromedial pathway give rise to neurons and glia o f the peripheral nervous system as
well as some endocrine cells (Gilbert, 2006). The later-migrating trunk NC cells migrate
between the surface ectoderm and the somites (dorsolateral pathway) and give rise to the
pigment cell precursors, the melanoblasts, which will eventually populate the skin (Le
Douarin and Kalcheim, 1999). The cells that originate from the vagal and sacral regions
of the NC generate the parasympathetic ganglia o f the gut. The absence o f peristaltic
movement in the bowels o f the colon is caused by failure in the migration o f the NC cells
from those two regions (Le Douarin and Teillet, 1973). Cells that originate from the first
to the third som ite o f the vagal NC are called cardiac neural crest (CNC) cells (Kirby,

1987; Kirby and Waldo, 1990) which can develop into melanocytes, cartilage, neurons,
or connective tissue. Additionally, those cells can give rise to the entire muscular-
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connective tissue wall o f the large arteries (outflow tract) and contribute to the septation
o f the pulmonary circulation from the aorta (Le Lievre and Le Douarin, 1975).

Mid brain

Fore brain

Swrnth-EdOkm, Figure 13.2

ific

<52003 A3 fighis

Figure 1. The four main regions o f the chicken neural crest (NC) migration sites. The
cranial NC migrates into the face o f the embryo to form bones and cartilage, and into the
pharyngeal arches and it is also responsible for the cranial nerves. The vagal NC (near
somites 1-7) and the sacral NC (posterior to somite 28) are responsible for the formation
o f the parasympathetic nerves o f the gut. The NC cells o f the trunk, which arise around
somite 6 until the tail, make sympathetic neurons, melanocytes, and a subset o f these
(between somites 18 and 24) form the mesulla portion o f the adrenal gland. The cardiac
neural crest (CNC) cells arise near somites 1-3 and are critical for the division o f between
the aorta and pulmonary artery being essential for the proper development o f the outflow
tract o f the heart (Gilbert, 2006).

2. Melanocytes
In the mouse embryo, melanoblasts leave the dorsal part o f the neural tube at
embryonic day 9-9.5 (E9- 9.5) and at this developmental stage they are found in the
olfactory placode, otic vesicle, optic cup, optic eminence, and telencephalon (MacKenzie
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et al., 1997; Steel et al., 1992; Yoshida et al., 1996). By E10.5, the melanoblasts are
located over the mesencephalon extending forward towards the eyes and are lightly
scattered over the dorsolateral aspect o f the trunk and tail neural tube (MacKenzie et al.,
1997) (Figure 2A). At E l l this group o f cells can be found throughout the trunk and
sacral regions (Lee et al., 2003). At E l 1.5, the melanoblasts persist in the trunk with a
non-uniform pattern along the anterior- posterior axis, with the premier densities around
the base o f the tail, hindlimbs, and head (Pavan and Tilghman, 1994). By E12.5
melanoblasts are found surrounding the eyes, in a broad band curving back beyond the
ear to the shoulder region, and in the spinal cord wall into the tail (MacKenzie et al.,
1997). At this stage, an increased number o f melanoblasts are found caudal to the
hindlimbs and at (as well as rostral to) the forelimbs. A day or two later, these cells start
entering the hindlimbs (MacKenzie et al., 1997). Between E l 2.5 and E14.5, melanoblasts
start accumulating in the pinna. These cells have been shown to contribute to the stria
vascularis o f the inner ear (MacKenzie et al., 1997). At E l3.5 almost the entire surface
o f the embryo is covered by melanoblasts (Figure 2B).

4

Figure 2. Dct-LacZ transgenic mouse demonstrating melanocytes in the embryo. (A)
Whole mount E l 0.5 embryo from a Dct-LacZ transgenic mouse showing the presence o f
most melanoblasts in the post-otic area. Few melanoblasts are found more ventrally at the
level o f somites. (B) Whole mount E l 3.5 Dct-LacZ embryo demonstrating the number of
melanocytes on the surface o f the embryo.

The analysis o f mutations associated with pigment abnormalities have contributed
to the elucidation of various genetic pathways involved in melanocyte biology and
development. In the mouse alone, more than 100 different loci have been described that
either affect the generation o f pigment cells or the quality o f their pigment. About a
quarter o f these loci have now been analyzed molecularly, and it has become apparent
that melanocyte development is controlled by a variety o f transcription factors and
signaling system s, in addition to proteins involved in m elan in synthesis and processing.

For instance, mutations in melanogenic enzymes such as tyrosinase cause albinism in
mice. Mutations in the tyrosine kinase receptor Kit and its ligand K itl (also known as
mast cell growth factor/Steel factor) are responsible for the hypopigmentation, fertility
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and hematopoetic defects in Dominant white spotting (W) and Steel (SI) mice,
respectively. Naturally occurring mutations in the transcription factors Pax3 and M itf
have been shown to be responsible for the hypopigmentation, deafness, skeletal muscle
and neural tube defects of Splotch mice (Sp) or hypopigmentation, deafness, and retinal
defects o f Microphthalmia (Mi) mice, respectively (reviewed by Barsh, 1996; Jackson,
1997). The hypopigmentation phenotype o f these mutants has been attributed to
disruptions in the normal development o f melanocytes. They affect melanoblasts during
their very early steps o f migration from the neural tube to the dermis. Since the
pigmentation defect in these mutants is accompanied by disruptions in the development
o f other NC derived or non NC derived cell lineages, the analysis o f pigment loci is thus
important far beyond the narrow goal o f understanding pigmentation.
Mutations in the piebald and lethal spotting loci produce similar phenotypes
characterized by varying degrees o f pigment loss and aganglionic megacolon owing to
lack o f NC derived enteric ganglion cells in the hindgut. The gene affected in piebald
mice encodes the Endothelin receptor b (Ednrb), a G-coupled seven transmembrane
receptor (Hosoda et al., 1994), whose human homolog, EDNRB, is mutated in
approximately 5% of cases with Hirschsprung disease (Chakravarti, 1996; Puffenberger
et al., 1994). Ednrb mutations have also been identified at the spotting lethal locus in the
rat (Ceccherini et al., 1995; Gariepy et al., 1996; Shin et al., 1997) and in horses with the
lethal white foal syndrome (Santschi et al., 1998). The murine lethal spotting locus
encodes the Ednrb ligand, Endothelin 3 (End3) (Baynash et al., 1994). End3 is a member
o f a group o f three related peptides, E ndl, End2, and End3, each encoded by a separate
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gene. The peptides are produced as inactive pre-proendothelins that undergo successive
proteolytic cleavages to generate the 22 amino acid active endothelins.
The developmental expression patterns o f Ednrb and End3 have been analyzed
mostly in avian embryos. These studies showed that End3 is expressed in the
environment through which NC cells migrate while Ednrb is expressed by the NC cells
themselves (Nataf et al., 1996, 1998). A recent study in using a targeted mouse mutant in
which the LacZ reporter gene was inserted into the Ednrb locus has shown that the
mammalian pattern o f expression is very similar to that o f avians (Lee et al., 2003). In
both quail and mouse the effects o f End3 on in vitro NC development has been studied in
some detail. End3 markedly increases the proliferation o f pluripotent neural crest cells
and eventually stimulates dramatic increases in the number o f melanocytes (Lahav et al.,
1996; Stone et al., 1997). This has been confirmed by an in vivo study using transgenic
mice in which End3 has been put under the control o f the keratin 5 promoter. These
transgenic mice show an increase in the number o f melanoblasts during embryonic
development and adults show a hyperpigmentation phenotype due to the accumulation of
melanocytes in the skin (Garcia et al., 2008).
In mice homozygous for Ednrb {piebald lethal), in which the Ednrb gene is
deleted (Hosoda et al., 1994), there is a drastic reduction in the number o f melanocyte
precursors from the time they can be detected by the expression o f the Dopachrome
tautomerase marker {Dct, also referred to as tyrosinase related protein 2, TrpI). Dct is
first detected at E l0.5 as melanoblasts have already undertaken the dorsolateral migratory
pathway. This suggests that the expression o f functional Ednrb is important for the proper
development o f melanocytes before or just at E10.5 (Pavan and Tilghman, 1994). A study
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in which Ednrb was expressed at different stages o f embryogenesis under the control o f
the tetracycline inducible system showed that its expression is required from E l 0.5 to
12.5 (Shin etal., 1999).

3. Cardiac Neural Crest cells
The CNC cells are derived from NC cells that contribute to the development o f
the outflow tract (OFT). For decades, the importance o f NC derived cells in the creation
o f the pharyngeal arches and the remodeling o f the OFT in the avian system has being
recognized (Kirby et al., 1983; Le Douarin, 1980). In the mouse, CNC cells leave the
dorsal part o f the neural tube between the post-otic area and the first four somites at E9.510 (Chan et al., 2004) and migrate through branchial arches 3, 4 and 6 towards the OFT
o f the heart.

Aortic arch
arteries

Outflow tract

Heart

Figure 3. Diagram o f the cardiac neural crest (CNC) cells in a chick embryo migrating
through the ventromedial pathway to form the outflow tract (OFT) o f the heart (Harvey
and Rosenthal, 1999).
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At the OFT, the CNC cells contribute to the mesenchymal cells that are critical
for the remodeling o f the arch arteries and the septation o f the OFT. Furthermore, CNC
cells represent the major source o f postganglionic neural progenitors that innervate the
heart (reviewed in Snider et al., 2007). Studies in avian embryos showed that only CNC
cells, but not NC cells from other axial levels, are capable o f contributing to accurate
truncal septation (Kirby, 1989). Elegant experiments using lineage tracing with double
transgenic systems with LacZ or GFP reporter mice and lines carrying NC-specific Cre
recombinase activity such as P0 (Yamauchi et al., 1999), Wntl (Jiang et al., 2000), and
Pax3 (Epstein et al., 2000) have confirmed the original CNC cell fate mapping.
During development, part o f the CNC cells will grow to be smooth muscle cells
(SMCs) which will contribute to the creation o f the outflow valves (Jiang et al., 2000).
The differentiation o f CNC cells into specified SMCs is a fundamental step for the
formation o f the cardiac OFT and the great arteries (Li et al., 2005) and the Notch
pathway has been considered critical for this process. Experiments in vitro showed that
when the Notch pathway is inhibited, the differentiation o f CNC cells into SMCs can not
occur (High et al., 2007). More recently, experiments using the Cre-lox fate mapping
technique confirmed that the inactivation o f Notch2 in CNC cells cause a decline in the
proliferation rate o f the SMCs resulting in abnormal narrow aortas and pulmonary
arteries (Varadkar et al., 2008). Human congenital diseases, such as aortic valve defects
and Alagille syndrome, have been connected with mutations in the Notch pathway,
underscoring the relevance o f this pathway and SMCs as fundamental players in the
proper development o f the cardiac OFT and great vessels.
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The Splotch (Sp) mutant has been used to show that Pax3, which encodes a
transcription factor expressed during early to midgestation in the dorsal neural tube and
somite (Goulding et al., 1991), is required for proper formation o f the OFT. The
pigmentation defect (white belly spot) that characterizes the Pax3 heterozygote has been
originally attributed to a defect in early NC migration (Auerbach, 1954). Pax3
homozygous deficient embryos die in utero (-E14.5) because o f muscular and cardiac
abnormalities. The cardiac defects are analogous to those showed in chicken embryos
after ablation o f premigratory NC cells (Kirby et al., 1983). Sp embryos also show
defects in neural tube closure, myogenesis and other NC derived cells such as Schwann
cells and mesenchymal cells in the OFT (Auerbach, 1954; Conway et al., 2000; Franz et
al., 1993). Around E8.5, the expression pattern o f Pax3 coincides with the region which
NC cells emerge at the dorsal part o f the neural tube (Goulding et al., 1991) and the
expression diminishes as the cells populate arches 3, 4 and 6, and the cardiac OFT
(Conway et al., 1997). Previous studies suggested that Pax3 was required for NC cell
migration (Conway et al., 1997; Moase and Trasler, 1990) but more recent studies using
Cre-lox technology, showed that Pax3 is related to the survival, proliferation and
differentiation o f the NC cells (Conway et al., 2000; Epstein et al., 2000).
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Figure 4. Electron micrographs o f whole hearts from wild type and Sp at E13.5. The atria
have been removed to illustrate better the arrangement o f ventricular OFT and the arterial
trunks, (a) Normal wild-type heart demonstrating the appearance o f the aorta (A) and
pulmonary trunk (P) as clearly separate vessels. Serial sectioning confirms that the aorta
connects solely with the left ventricle and the pulmonary trunk with the right ventricle
(data not shown), (b) Splotch (Sp2H) heart with common arterial trunk. The undivided
arterial trunk arises exclusively from the right ventricle, (c) Splotch (Sp2H) heart with
double outlet right ventricle. The aorta (small arrowhead) and pulmonary trunk (large
arrowhead) are clearly demarcated, yet serial sectioning demonstrates that both trunks
arise exclusively from the right ventricle. Scale bar represents 0.1 mm. (Conway et al.,
1997).

4. Heart Development
. The heart is the first organ to be formed and to start functioning during
vertebrate development. In all vertebrates from fish to humans the heart follows the same
general pattern of development which includes the fusion o f the myocardium and
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endocardium in the ventral midline to form a tubular heart. The early stages o f heart
development are very complex processes that involve several cell lineages. The
progenitors o f the heart are located in bilateral paired cardiogenic fields in which, after
fusion, will form the initial heart tube (Kirby, 2007). In mice at E8.5 the heart is tubular.
At E9.5 during looping, the tubular structure is lengthened by the addition o f
myocardium from the secondary heart field. The secondary heart field not only provides
myocardium to the cardiac OFT but also generates prospective smooth muscle that forms
the proximal walls o f the pulmonary trunk and aorta in the arterial pole o f the tubular
heart (Waldo et al., 2005). The arterial pole is the area where myocardium and smooth
muscle are connected at the ventriculoarterial region in the embryo and at the semilunar
valves in the adult heart. The venous pole o f the embryo is the point o f connection o f the
sinus venosus and atria to the body. Near to the venous pole o f the embryonic heart, there
is a transient extracellular group o f cells that invade the heart and protrudes to the
pericardial cavity to form the epicardium. The epicardium contributes to the formation o f
vascular mural cells which migrate to associate with endothelial cells and form the vessel
wall. Epicardial derived cells also have an inductive role in differentiation o f cardiac
myocytes into conductive tissue o f the heart. Mutant animals that lack epicardium show
hypoplastic myocardial wall, ventricular septal defects, and cardiac failure (Gittenbergerde Groot et al., 2000; Kreidberg et al., 1993; Kwee et al., 1995; Manner et al., 2001;
Moore et al., 1999; Ratajska et al., 2008; Yang et al., 1995).
The first signs o f chamber septation are visible at E10.5. At E13.5, the four
distinct chambers can be seen and the separation o f the ventricles is complete. In the
murine system, a slow peristaltic wave can be observed around E8 (Myers and Fishman,
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2003). When the cardiac conduction system (CCS) is totally formed, it is constituted by a
variety o f cells that conduct electrical impulses responsible for coordinating atrial and
ventricular cardiac contraction. The pacemaker cells located in the sino atrial (SA) node
generate the electrical impulses and send the stimulus to the atrioventricular (AV) node
that, after a short delay, transmit these impulses along the His bundle, left and right
bundle branches to the terminal Purkinje fibers which are components o f the CCS. The
Purkinje fibers are specialized fibers located in the subendocardial region o f the
ventricular myocardium and their functional importance is to allow the ventricles to
contract at the same time pumping blood to the pulmonary and systemic systems.
Because o f the similarity o f the eletrophysiological properties o f the CCS cells with those
o f neurons, NC cells were taken as their potential progenitors (Gorza et al., 1988).
However, a series o f studies have identified the early cardiomyocytes as the precursors of
the ventricular CCS (Cheng et al., 1999; Patel and Kos, 2005). It is important to point
out that there is recent accumulating evidence that NC cell derivatives are found in close
association with CCS cells and may induce their proper differentiation and maintain some
o f their functional properties (Guijarpadhye et al., 2007; Nakamura et al., 2006;
Poelmann et al., 2004; St. Amand et al., 2006).
An essential contributor for a functioning heart is its valves. The adult valves
consist of the leaflets, the fibrous annulus, and the supporting tension apparatus which
includes the papillary muscles, and tendinous cords. The development o f the valves at the
AV junction is a complex event that originates from the endocardium, a single layer o f
squamous epithelial cells that line the heart. Those cells give rise to all o f the cushion
mesenchyme in the AV canal and proximal OFT by transformation o f cells from
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epithelial to mesenchymal (Kirby, 2007). The semilunar valves are the pulmonary and
aortic valves, which separate the ventricles from the major arteries. They originate from
the mesenchyme in the OFT o f a variety of cushion mesenchyme derived cells from the
epithelial-mesenchymal transformation (EMT), pharyngeal mesenchyme and NC.
The AV valves are located between atria and ventricles, the tricuspid valve
separates the right chambers and the bicuspid valve separates the left chambers. The
proper development o f these valves requires different cell types and a complex sequence
o f events. Around E9.5, at the AV canal, endocardial cells form the endocardial cushions
by EMT leading to the appearance two AV cushions by E10.5 (Delot, 2003; Kirby,
2007). The central fusion o f the AV endocardial cushions form the AV septum, which
divides the AV canal into separates right and left chambers (Person et al., 2005). The
septation allows the formation o f posterior- inferior and septal leaflets o f the tricuspid
valves and the aortic leaflet o f the bicuspid valve. On the lateral sides o f both right and
left AV canals, a second set o f smaller cushions will form and give rise to the remaining
leaflets during fusion (Kirby, 2007). At E14.5, the remodeling o f AV cushions will form
mesenchymal leaflets (de Lange et al., 2004; Gitler et al., 2003). After birth, the heart
continues developing by cellular proliferation to adjust to the increasing body mass and
changes in vascular pressures (Leu et al., 2001). The maturation o f the AV valves from
embryonic cushion-like leaflets into adult stress-resistant valves is acquired post-nataly
by different processes. At embryonic stages in the mouse, between E l 5.5 and E l 8.5, the
mesenchymal cell density in the valves increases significantly in a process called
condensation. Elongation of the leaflets o f the valves occurs from E l 8.5 onwards and at
three weeks after birth, this increase is by 8.0 fold. From 1 to 8 weeks o f age, there is a
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modification in the pattern o f expression o f extracellular matrix (ECM) proteins which
promotes a postnatal remodeling o f leaflets o f the valves. The nodular thickenings, which
are irregular structures on the atrial surface o f the adult AV valves, develop after birth
and are remodeled at E l 1.5 (Kruithof et al., 2006).

Et5.5

E18.5

Adult

4

Figure 5. Proposed model o f the development o f the AV valves. The condensation o f the
mesenchymal cells (yellow) starts at E l 5.5 and expands throughout the leaflet at E l 8.5.
Cellular proliferation contributes to the elongation o f the leaflets (arrow) before N4.5.
After N4.5, the leaflet elongation may occur by physical pulling at the level o f the
papillary muscles by the growing heart. Masson's trichrome staining (blue) is first
detected at the anchoring point o f the leaflets at E l 8.5 and spans the entire ventricular
side o f the leaflet 1 week after birth. ECM remodeling along the AV axis is achieved 1
week after birth, with the differentiation o f two reciprocal structural regions, with
glycosoaminoglycans, stained with alcian blue, and versican at the atrial side (orange)
and densely packed collagen fibers at the ventricular side. The formation and remodeling
o f the nodular thickenings (red) at the closure points o f the leaflets occur between N4.5
and N 11.5 (Kruithof et al., 2006).

Mature AV valves separate the atria from the ventricles allowing blood flow from
atria to ventricles and prevent blood flow on the opposite direction. The sounds o f the
heart are associated with the opening and closing o f the valves, which depends on the
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pressure differences between chambers. Abnormalities in AV valve formation can lead to
genetic conditions, such as Noonan syndrome which is the most common condition
associated with congenital heart defects (Kirby, 2007). Another cardiac defect associated
with AV valves is tricuspid atresia, characterized by agenesis o f the tricuspid valve and
atrial and ventricular septal defects (Rao, 1980). Around 36,000 children are bom with
some kind of heart defect every year (www.americanheart.org). Because o f the high
incidence o f heart malformations, a full understanding o f the lineages which contribute to
the heart, their specific roles and interactions is essential for the development o f strategies
to address these disorders.

5. Research questions
The critical contribution o f NC cells to the OFT and innervation o f the heart have
long been recognized and accepted. In the last decade, experiments performed mostly in
avians and zebrafish have suggested that NC cells may have a more substantial effect on
heart development and function, indirectly by mediating inductive interactions between
OFT cells and cardiomyocytes or directly, by giving rise to the latter (Sato and Yost,
2003; Waldo et al., 1999). Most lineage studies performed in mouse embryos have
asserted the presence o f NC derived cells only in the OFT. Those studies that have
reported a more extensive contribution o f NC cells to the heart, suggested that they
undergo apoptosis and are not present in the adult organism (Poelmann et al., 2004). One
recent analysis, however, has claimed the presence of NC derived cells in the proximal
CCS and AV valves that remain into adulthood (Nakamura et al., 2006). They showed
that some o f these NC derived cells differentiated as neurons, glia and melanocytes and

16

others maintained a somewhat undifferentiated state by expressing various precursor
markers.
The idea that NC derived cells have a more extensive distribution in the heart was
further supported by the description o f pigmented cells in the adult valvuloseptal
apparatus o f black mice (Mjaatvedt et al., 2005). The origin o f these pigmented cells was
not analyzed but it is reasonable to speculate that they should be derived from NC cells.
O f all the cell lineages that have been described to contribute to the heart, the NC cells
are the only ones that have been shown to have the potential to differentiate as
melanocytes. In vitro experiments demonstrated that CNC cells can develop into
pigmented melanocytes (Baroffio et al., 1991; Sieber-Blum and Cohen, 1980; SieberBlum et al., 2004). In addition, when quail CNC cell cultures were treated with leukemia
inhibitory factor and transplanted to chickens, they were able to form pigmented cells on
the surface o f arteries and at the base o f the heart (Kirby et al., 1993), suggesting that
pigmented cells in the heart might be produced by CNC cells.
The still controversial nature o f the participation o f NC cells in the mammalian
embryonic and adult heart, as well as the possibility o f unraveling a novel role played by
melanocytes in the organism, have led me to the formulation o f three major questions:

5.1 Do cardiac neural crest cells contribute to the proper development o f the mammalian
heart?
In Chapter II, I will provide more detailed information on what is known about
the roles played by NC cells in heart development and show novel data regarding its

17

importance in the AV endocardial cushion and ventricular CCS o f the mammalian
embryonic heart.

5.2 When do NC-derived melanocyte precursors reach the heart and what is the migratory
pathway they take to reach it?
In Chapter III, I will describe the timeline and distribution o f melanoblasts in the
mammalian embryonic heart. I will also evaluate whether they depend on the same
signaling mechanisms involved in the proper development of those melanoblasts destined
to the skin.

5.3 Do NC derived melanocytes affect the ECM environment and mechanical properties
of the AV valves?
In Chapter IV, I will provide a detailed description o f the localization of
melanocytes in the AV valves o f the mammalian post-natal heart. I will compare their
spatial distribution with that o f ECM known to be important for valve remodeling and
function. Finally, I will use state o f the art technology to evaluate the mechanical
properties o f AV valves with differing amounts o f melanocytes.
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1. Cardiac Neural Crest Cells
During early vertebrate development, the neural crest (NC) cells arise from the
dorsal tip o f the neural epithelium and migrate extensively throughout the embryo. All
organs and tissues in the adult body contain cells that are derived from the NC cells.
Depending on the pathway these cells undertake and the signaling molecules they
encounter during their migration, they become different kinds o f cell populations. The
NC cells derivatives include neural and glial cells o f the peripheral nervous system,
melanocytes in the skin, vascular smooth muscle cells (SMCs), craniofacial cartilage,
adipose tissue, bone, and endocrine cells o f the thyroid and adrenal glands (Le Douarin
and Kalcheim, 1999). In certain cases, their fate restriction is also determined by their
origin along the rostro-caudal axis o f the embryo. For example, NC cells that contribute
neurons and glia to the enteric nervous system are derived exclusively from the vagal and
sacral regions o f the neural tube. Some o f the cells originating at the vagal region migrate
to the developing heart through branchial arches 3, 4 and 6. This population o f cells is
called cardiac neural crest (CNC) and provides an extracardiac source o f mesenchyme to
the outflow tract (OFT) as well as neural progenitors that innervate the heart. The
absence or reduced number o f CNC cells in the heart lead to a range o f cardiovascular
defects, such as abnormalities in the remodeling o f the arteries, persistent truncus
arteriosus (PTA) and ventricular septal defects (VSD) (Kirby, 2007).

2. The fates o f Cardiac Neural Crest Cells
Most o f the CNC cells will primarily differentiate as SMCs lining the blood
vessels around which they assemble and contributing to the formation o f the outflow
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valves (Jiang et al., 2000). One o f the critical signaling pathways involved in the
specification o f CNC cells into SMCs is that mediated by Notch. In vitro studies showed
that inhibition o f Notch prevents the differentiation o f CNC cells into SMCs (High et al.,
2007). Recently, experiments using the Cre-lox targeting system verified that the
inactivation of Notch2 in CNC cells cause a decrease in the proliferation rate o f the
SMCs resulting in unusually narrow aortas and pulmonary arteries (Varadkar et al.,
2008). Some congenital heart diseases in humans, such as aortic valve defects and
Alagille syndrome, have been associated with mutations in the Notch pathway (Varadkar
et al., 2008) reinforcing the fact that SMCs play a fundamental role in the formation o f
the cardiac OFT and great vessels.
CNC cells can also differentiate into the neurons that are responsible for the
innervation o f the heart and its vessels. Most studies attempting to investigate the lineage,
migratory route and differentiation process o f the neurons that innervate the heart were
initially carried out in the avian system (Kirby et al., 1980; Kirby et al., 1985; Vebeme et
al., 1998; Vebeme et al., 2000). These studies showed that CNC cells contribute the
neurons to the entire anterior and posterior plexus. The precursor cells enter the arterial
pole via the arterial cardiac vagal branches and the venous pole via the sinal cardiac vagal
branch without intermixing. There is also some evidence that some o f the CNC
differentiate as glia or remain undifferentiated cells along the nerve fibers.
More recent studies in the mouse using the Cre-lox technology have corroborated
the results obtained in avians. Transgenic mice in which the regulatory regions o f Wntl,
HtPA or P0 driving the expression o f Cre recombinase were crossed into the ROSA26LacZ reporter mice showed the presence o f cardiac neurons derived from the NC at the
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arterial pole (Yamauchi et al.., 1999; Jiang et al., 2000; Pietri et al., 2003). Part o f the
autonomic nerves and ganglia innervating the venous pole has also been shown to be NC
derived. (Hildreth et al., 2007). Nerve growth factor (NGF) and Platelet derived growth
factor beta (PDGF-(3) seem to control the amount o f cardiac innervation. Transgenic
over-expression o f NGF in the heart causes sympathetic hyperinnervation (Hassankhani
et al., 1995) while targeted deletion o f PDGF-P or its receptor lead to hypoplasia o f
cardiac nerves (Van den Akken et al., 2008). The pathway mediated by retinoic acid has
an important role in CNC cells (Li et al., 2001) and has been shown to affect the
differentiation o f these precursors into neurons destined to contribute to the
parasympathetic innervations of the heart by regulating the expression o f the transcription
factors Phox2a and Phox2b (Shoba et al., 2002).

3. Cardiac Neural Crest Cells Markers
The study o f particular cell lineages is facilitated by the availability of markers
that are restricted to that specific group o f cells. Unfortunately, to date, a CNC restricted
marker has not been identified. The markers that are currently used, such as W ntl, Pax3,
CRABP1, and P0, label cranial, cardiac and trunk NC progenitors. Additionally, they are
downregulated in post-migratory NC cells. Only through transgenic methodologies in
mice employing the Cre-lox system the cells can be permanently marked with reporters
such as p-galactosidase o r green fluorescent pro tein (Y am auchi et al., 1999; Jiang et al.,

2000; Epstein et al., 2000; Nakamura et al., 2006).
One o f the most used CNC markers is the transcription factor Pax3. It is
expressed during early to mid stages o f gestation in the somites, dorsal neural tube and
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most or all migrating NC cells (Goulding et al., 1991). The splotch (Sp) spontaneous
mouse mutant carries a mutation in Pax3 and has been critical to show that CNC cells
are

required for proper formation o f the OFT. The Pax3 heterozygote (Pax3sv>/+) is

characterized by a pigmentation defect (white belly spot) that was originally attributed to
defects in early NC migration (Auerbach, 1954). Pax3 homozygous deficient embryos
(Pax3sp/sp) display spina bifida, exencephaly, absence o f limb and hypaxial muscles. In
the heart, they show 100% penetrant PTA/VSD and aortic arch artery remodeling defects
(Conway et al., 2000; Epstein et al., 2000). They die in utero by E14.5 o f unknown
causes since PTA/VSD alone is not sufficient to cause embryonic lethality.
The cardiac defects observed in Pox3sp/sp are similar to those observed in chick
embryos after the ablation o f pre-migratory NC cells (Kirby et al., 1983). These defects
have been shown to be due to the failure o f the 6th aortic arch artery, which normally
gives rise to the pulmonary trunk to persist (Conway, 2003). In the absence o f the 6
•

tb i

tbi

•

aortic arch artery, a single OFT forms from the left 4 aortic arch artery which normally
gives rise to the aorta.
Since Pax3 is not expressed in the heart, its involvement in heart development
must be indirect, most likely acting autonomously or non-autonomously in NC cells.
Transgenic studies in which Pax3’s expression was directed exclusively to the neural
tube and migrating neural crest was sufficient to rescue the cardiac phenotype and the
mice survived to birth (Li et al., 1999). They died shortly after birth due to muscular
defects and consequent respiratory failure. These results indicate that the action o f Pax3
in the neural tube or the NC cells themselves is critical for proper OFT formation. Apart
from its role in migration (Conway et al., 1997; Moase and Trasler, 1990), putative
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involvement in the survival, proliferation and differentiation o f the NC cells have also
been suggested (Conway et al., 2000; Epstein et al., 2000).
One o f the transcription factors that interact with Pax3 during the development of
certain NC lineages is SoxlO (Bondurand et al., 2000; Lang et al., 2000; Potterf et al.,
2000; Lang and Epstein, 2003). SoxlO is expressed in early migrating NC cells,
transiently in committed melanocyte and enteric neuronal precursors and throughout the
development of Schwann cells. In the Dominant megacolon spontaneous mouse mutant
that carries a mutation in the SoxlO gene, all these NC derived lineages are affected
leading to deficits in pigmentation, gut innervations and PNS development (SouthardSmith et al., 1998; Kuhlbrodt et al., 1998; Potterf et al., 2000). Homozygous mutant
embryos die around E14.5, o f yet unknown causes. In humans, SoxlO mutations cause
Hirschsprung disease, characterized by congenital aganglionic megacolon ((Pingault et
al., 1998). Certain patients also present with Waardenburg Syndrome, a hereditary
disorder that involves sensorineural deafness and pigmentation disturbances of the skin,
hair and eyes (Pingault et al., 1998).
In chicken embryos

SoxlO transcripts can be observed in the subendothelial

tissue o f differentiating heart septa and atrioventricular (AV) valve leaflets during early
stages o f development (day 5 o f incubation). Later, it is also detected in cardiac nerves
(Montero et al., 2002). To date, no studies have been performed in the mouse to evaluate
whether SoxlO can be use as a marker for migrating CNC cells and/or heart innervations.
Taking advantage o f a transgenic mouse in which the LacZ reporter gene was introduced
into the SoxlO locus (Soxl0tmlWeg ; Britsch et al., 2001), I was able to trace migrating
CNC cells and mark, at least, part o f the heart nerves.
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At embryonic day 10.5 (E l0.5), LacZ expression is observed in various NC
derived structures such as trigeminal, facioacoustic, and dorsal root ganglia. It is also
present in the first and second branchial arches as well as in a population o f cells in the
heart OFT (Figure 6). At the heart level, LacZ positive cells can be found surrounding the
cardinal veins and aortic sac (Figure 6C). This population seems to overlap entirely with
those marked in W ntlCreROSA26 or Pax3CreROSA26 (Jiang et al., 2000; Epstein et al.,
2000) embryos at this stage, suggesting that Sox 10 can also be used as a marker for NC
cells that migrate to the heart region. Although a cardiac phenotype has not been
described for SoxlO homozygous mutants, its expression in migrating CNC cells and its
partnership with Pax3 in other cell type, suggest that they might present OFT defects.

Figure 6. SoxlO as a marker o f CNC cells in embryo. S o xl0 tmlWeg E l 0.5 embryos were
stained for LacZ as whole mounts (A) and cryosectioned (B, C, D). In the whole mount
preparation LacZ positive cells are found in the OFT (arrow) (A). In cryosections, LacZ
positive cells can be detected in the branchial arches (arrow) (B), surrounding the
cardinal veins (arrow) and aortic sac (arrow head) (C) as well as in the OFT (arrow) (D).
Magnification: (A) 3x; (B, C and D) 6x.

At E12.5, most o f the LacZ expression was no longer detected in the OFT or
inside the heart (data not shown). However, at E l 5.5, considerable expression was found
in cells surrounding the OFT and the heart itself (Figure 7A). In cryosections, no
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expression was seen in side the heart. The expression pattern and localization suggest that
that the LacZ positive cells are from a neuronal or glial lineage and responsible for the
innervations o f the heart. A similar pattern o f LacZ expression was observed in adult
hearts (Figure 7B). Inside the adult heart, LacZ expression was observed in the proximity
to the attachment site o f the AV valves to the cardiac muscle and the interventricular
septum (IVS) (Figure 7C). These data suggested that SoxlO can be used not only as a
marker for early CNC cell migration, but also for cells that will promote the innervations
o f the heart. It will be interesting to evaluate how Soxl 0 might interact with signaling
pathways such as those mediated by NGF, PDGF and retinoic acid that control proper
heart innervations.

Figure 7. SoxlO as a marker o f cardiac innervation. SoxlCfmlWeg E15.5 and adult hearts
were stained for LacZ. (A) LacZ expression was detected in the outermost layer o f the
heart and OFT promoting its innervations at E l 5.5. (B and C) In adult hearts, a similar
pattern is observed; however noticeable expression was detected inside the heart around
the area where the AV valves connect to the cardiac muscle and interventricular septum
(IVS) (arrows). Magnification: (A) 1.7x; (B) 4x; and (C) 3.7x.

Although SoxlO is critical for melanocyte development, its expression is transient
in these cells and can only be detected until E l 1.5. NC-derived melanocytes have been
described in the AV valves o f the adult and embryonic mouse heart (Brito and Kos, 2008;
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Mjaatvedt et al., 2005; Nakamura et al., 2006). The analysis o f embryonic AV valves o f
SoxlCfmlWeg embryonic (E12.5, E15.5) and adult hearts did show the presence o f any LacZ
positive cells. It is still possible that some o f those LacZ positive cells migrating into the
heart at earlier stages will become differentiated melanocytes in the AV valves.
A melanocyte marker that is expressed as soon as precursor cells leave the neural
tube is the enzyme Dopachrome tautomerase {Dct). A transgenic mouse in which the Dct
promoter drives expression o f LacZ has been extensively used in studies o f cutaneous
melanocyte development (Homyak et al., 2001; McKenzie et al., 1997; Zhao and
Overbeek, 1999). Using the same Dct-LacZ mice, LacZ positive cells can be detected in
whole mount preparations and cryosections o f E13.5 to E18.5 hearts in a pattern that
overlaps with the AV endocardial cushion and valves (Figure 8). It is interesting to note
that none o f the other transgenic mice (W ntl-Cre, Pax3-Cre, PO-Cre) that have been used
to map CNC cells have shown such a robust pattern in these areas. Either these markers
do not encompass the whole population o f NC cells that contribute the heart or have
differential expressivity in the various cell lineages.
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E13.5

E15.5

E18.5

Figure 8. Dct as a marker for NC derived cardiac melanocytes. E l 3.5, E l 5.5 and E l 8.5
hearts from Dct-LacZ embryos were subjected to whole mount LacZ staining and
cryosectioned. LacZ expression is detected in the endocardial cushion (EC) and AV
leaflets (arrow), IVS: interventricular septum. Magnification (A, C and E): 6x; (B, D and
F): 20x.

4. Alternative Roles for Cardiac Neural Crest Cells
4.1. In the Myocardium
Pre-migratory CNC cells ablation in the chick results in myocardial defects that is
detected prior to the arrival o f CNC cells to the OFT cushions (Waldo et al., 1999). These
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deleterious effects have been attributed to an indirect effect o f CNC by preventing the
prolonged release o f Fibroblast Growth Factors (FGFs) from the pharyngeal endoderm.
FGFs control myocardial proliferation, differentiation and contraction (Farrell et al.,
2001). Pax3sp,ip embryonic hearts exhibit a thinned myocardium and absence o f the
compact zone (Li et al., 1999). Since this phenotype can be rescued by the expression of
Pax3 exclusively in CNC cells, it is probably associated with the absence o f these cells in
the mutant embryos. Thus, as in the chick, it is possible that CNC cells regulate paracrine
factors, secreted either by themselves or other tissues, which control myocardial
development. Other than the pharyngeal endoderm, the epicardium has been shown to
play a critical role in regulating myocardial maturation (Lavine et al., 2005).
Interestingly, one study using the W ntl-Cre, Rosa26 reporter mice have described a small
population of marked cells in the epicardium (Stottmann et al., 2004).

Thus, in the

mouse CNC cells may directly contribute to the epicardium and participate in the
maturation of the adjacent myocardium.

4.2. In the Conduction System and AV Valves
Apart from our demonstration that NC derived melanocyte precursors can
populate deeper areas in the heart, a few other studies in chick and mouse have
demonstrated the presence o f CNC cells in proximity to the proximal cardiac conduction
system (C C S ) and A V valves. R etroviral labeling o f p re-m igratory N C cells in the chick

has shown that they can enter the heart via both the arterial and venous poles (Poelmann
and Gittenberger de Groot, 1999). The cells entering via the venous pole can be found
close to the AV node area, the retroaortic root bundle, the bundle o f His, the left and right
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bundle branches, and the right AV ring bundle. The AV ring bundle connects the AV
node area with the retroaortic bundle, which is populated by CNC cells that enter via the
arterial pole. Most o f the CNC cells entering via the venous pole seem to undergo
apoptosis and, thus, are not direct contributors to the CCS. However, their time o f arrival
and death correspond to critical changes in the eletrophysiological behavior o f the heart
and could possibly participate in the differentiation and maturation processes o f the CCS.
Experiments with transgenic mice in which the CNC cells were indelibly marked have
corroborated these findings and have shown CNC cells entering the heart via both the
arterial and venous poles and contributing to areas adjacent to the CCS and AV valves
(Poelmann et al., 2004; Nakamura et al., 2006). One o f the studies has clearly shown that
at least part o f these cells do not undergo apoptosis, instead, they persist in the heart and
exhibit neuronal, melanocytic and glial markers (Nakamura et al., 2006). This is further
supported by the demonstration o f melanin producing cells in the valvuloseptal apparatus
o f mouse adult hearts (Mjaatvedt et al., 2005).
An interesting recent study has provided evidence to suggest a putative novel role
for these CNC cells that surround the proximal CCS (Guijarpadhye et al., 2007). Optical
mapping o f voltage sensitive dye in CNC -ablated chick embryos demonstrated that the
ventricular CCS does not mature properly. His bundle cells were not able to electrically
uncouple from the adjacent myocytes resulting in a delay in the normal apex-to-base
activation that occurs during CCS differentiation. This w as attributed to the lack o f a

lamellar organization in the His bundle or failure to undergo compaction. Thus, it is
possible that CNC cells aid in the organization and insulation o f the CCS cells from the
myocardium.
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In order to identify other possible roles for the CNC cells in CCS and AV valve
development, I used the Pax3sp/sp embryonic hearts which lack CNC cells. A change in
the proliferation rate o f myocytes has been reported in the trabeculae o f these mutant
hearts when compared to controls (Kochilas et al., 1999). However, an evaluation of
alterations in apoptotic rates has not been investigated. Lyso Tracker red staining o f
E12.5 control and Pax3splsp hearts showed a dramatic increase in the numbers o f dying
cells in the latter (Figure 10A and B). These dying cells were concentrated in the AV
endocardial cushion area, the anlagen o f the AV valves. The lineage o f these cells in
unknown at this time, but they are most likely o f endocardial origin. This result suggest
that CNC cells might also directly or indirectly regulate the survival o f endocardial
cushion cells and contribute to the remodeling required for AV valve formation.
Immunofluorescence staining o f control and mutant hearts with the ventricular
CCS specific marker Connexin 40 (Cx40; Delorme et al., 1995) indicated that Cx40
positive cells are present in both genotypes (Figure 10C and D). Despite the thinned
ventricular myocardium o f Pax3sp,sp hearts, CCS cells are still capable o f undergoing
differentiation in the absence o f CNC cells. It is likely that those CNC cells that
contribute to the epicardium and regulate myocardial proliferation are not required for
CCS development. Alternatively, the use o f other CCS ventricular markers might indicate
that these cells are affected in the absence o f CNC cells. For example, in chick embryos
w ith epicardial ablation, the ventricular CCS fails to differentiate p ro p erly as show n b y

EAP-300 (a chick ventricular CCS marker) immunohistochemistry (Eralp et al., 2006).
Thus, a more detailed histological and molecular analysis o f Pax3spsp hearts might
unravel even more novel functions for CNC cells.
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Figure 9. Cryosection o f an E12.5 wild type heart. EC: endocardial cushion; IVS:
interventricular septum; LA: left atroa; LV: left ventricle; RA: right atria; RV: right
ventricle; T: trabeculae. Magnification: 4x.

Figure 10. E12.5 wild type and splotch (Sp2H) hearts. E12.5 cryosections o f wild type
(A,C) and Pax3sp,sv (B, D) hearts. Lyzo Tracker red staining (A, B) indicates higher
numbers o f apoptotic cells (arrows) in Pax3sp/sp hearts. Cx40 immunofluorecence (C, D)
shows positive cells (arrows) in the trabeculae in controls and mutants. EC: endocardial
cushion; IVS: intraventricular septum. Magnification: (A and B) 40x; (C and D) lOOx.

4.3 As Stem Cells
The initial pluripotentiality o f NC cells is well established and various recent
studies have indicated their plasticity even after acquiring specific fates (reviewed in
Dupin, 2007). For example, the small signaling molecule Endothelin 3 can convert
Schwann cells into melanocytes and vice - versa in vitro. During this process, an
intermediate cell type that expresses specific markers for both cell lineages was identified
(Dupin et al., 2000; Dupin et al., 2003). These experiments showed that different lineages
o f NC cells might go through phenotype conversion during development to support
instability of NC phenotypes.
The fate mapping study using the W ntl-Cre, Rosa26 transgenic mouse that
showed the presence and persistence o f CNC cells in the proximal CCS and AV valves
found that some o f these CNC cells expressed a combination o f differentiation markers or
none at all (Nakamura et al., 2006). Based on the characteristics of these cells, the
suggestion was made that multipotent NC derived cells may remain dormant in the heart
and differentiate into various cell types when needed.

A few other studies have also claimed that CNC cells contribute to a small stem
cell like population that resides in the myocardium. Lineage studies using the PO-Cre
mouse crossed to the Floxed-EGFP indicator mouse identified a small number o f marked
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cells in the fetal myocardium. Some o f these cells expressed the stem cell markers
GATA-binding protein 4 and nestin and were considered undifferentiated. Another group
of cells showed cardiomyocyte differentiation markers. Under culture conditions the
undifferentiated cells were able to form spheres and upon serum exposure, differentiate
into neurons, glia, and smooth muscle (Tomita et al., 2005). Nestin expressing cells have
also been identified in the rat heart and shown to migrate to the infarct region after
induced ischemic insult. There, they seem to function as a substrate for de novo
angiogenesis. Similar observations were made in infracted human hearts, where nestin
positive cells were found in the viable myocardium and scar tissue (El-Helou et a l,
2008).

The multipotentiality and plasticity exhibited by NC cells is an intriguing and
fascinating subject that should be further explored. The manipulation o f NC cells using
the mechanisms underlying these processes could be used for therapeutic purposes and
offer alternative approaches to enhance the treatment o f cardiac conditions such as those
that result from ischemic injuries.
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MELANOCYTE

1. Abstract
Apart from the well studied melanocytes o f the skin, eye and inner ear, another
population has recently been described in the heart. In, this study we tracked cardiac
melanoblasts using in situ hybridization with a Dopachrome tautomerase {Dct) probe and
Dct-LacZ transgenic mice. Large numbers o f melanoblasts were found in the
atrioventricular (AV) endocardial cushions at embryonic day (E) 14.5 and persisted in the
AV valves into adulthood. The earliest time Dct-LacZ positive cells were observed in the
AV endocardial cushions was E12.5. Prior to that, between E10.5 and E l 1.5, small
numbers o f melanoblasts traveled between the post-otic area and third somite along the
anterior and common cardinal veins and branchial arch arteries with other neural crest
cells expressing CRABPI. Cardiac melanocytes were not found in the spotting mutants
Ednrbs Us~l and Kitw~v/w'v, while large numbers were observed in transgenic mice that over
express Endothelin 3. These results indicate that cardiac melanocytes depend on the same
signaling molecules known to be required for proper skin melanocyte development and
may originate from the same precursor population. Cardiac melanocytes were not found
in zebrafish or frog but were present in quail suggesting an association between cardiac
melanocytes and four-chambered hearts.
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2. Introduction
The neural crest (NC) constitutes a population o f stem-like cells that originates at
the dorsal aspect o f the neural tube and is capable o f giving rise to a wide variety o f cell
lineages. The differentiation o f NC cells is highly influenced by the migratory route they
undertake after leaving the neural tube and their final destination. In the trunk, cells that
migrate between the neural tube and somites (ventromedial pathway) mostly give rise to
neurons and glial cells o f the Peripheral Nervous System. The cells that migrate between
the surface ectoderm and the somites (dorsolateral pathway) become melanocytes that
populate the skin (Le Douarin and Kalcheim, 1999). Along the dorsolateral pathway,
melanocyte precursors, the melanoblasts, are exposed to the signaling molecules Kitligand (Kit I) and Endothelin 3 (End3) that control their proliferation, survival, migration
and differentiation (reviewed in Wehler-Haller, 2003; Pla and Larue, 2003).
It is generally accepted that most NC cells are pluripotent as they leave the neural
tube. However, some precursors may already show some level o f commitment to specific
lineages prior to or as soon as they exit the neural tube. There is substantial evidence that
this applies to those NC cells that give rise to melanocytes. In chicks, only those cells that
have already committed to the melanocytic fate are allowed to undertake the dorsolateral
pathway (Erickson and Goins, 1995). In mouse embryos, a small group o f NC cells that
express the tyrosine kinase receptor Kit are found on the medial aspect o f the dorsal
neural tube and were shown to migrate dorsolaterally and give rise only to melanocytes
(Wilson et al., 2004). As soon as NC cells undertake the dorsolateral pathway they start
expressing the melanocyte specific transcription factor microphthalmia (Nakayama et al.,
1998), and soon after, melanogenic markers such as tyrosinase related protein
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2/Dopachrome tautomerase (Trp2/Dct) (Steel et al, 1992) and p m e ll7 (Baxter and Pavan,
2003).
Some NC derivatives, such as melanocytes, can be generated by NC cells found
along the entire rostro-caudal axis o f the embryo. Other cell lineages descend from more
restricted areas. This is the case for the cardiac NC (CNC) that, in the mouse embryo,
leaves the neural tube between the post-otic area and the first four somites (Chan et al.,
2004). These cells migrate through branchial arches 3, 4 and 6 towards the outflow tract
o f the heart. There, they contribute mesenchymal cells that are critical for the remodeling
o f the arch arteries and the septation o f the outflow tract. Additionally, these cells
constitute the major source o f postganglionic neural progenitors that innervate the heart
(reviewed in Snider et al., 2007). Transplantation experiments in avian embryos
demonstrated that only CNC cells, but not NC cells from other axial levels, are capable o f
contributing to proper truncal septation (Kirby, 1989).
Various lineage tracing studies with double transgenic systems using LacZ or
GFP reporter mice and lines carrying NC-specific Cre recombinase activity such as Wntl
(Jiang et al., 2000), P0 (Yamauchi et al., 1999), and Pax3 (Epstein et al., 2000) have
mostly confirmed the original CNC cell fate mapping. There are, however, both
quantitative and qualitative discrepancies in the data obtained from these analyses,
especially in regards to the contribution o f CNC to areas other than the outflow tract and
the longevity o f reporter expression. For example, one study using the W ntl-Cre system
described the presence o f CNC in the sinoatrial and atrioventricular (AV) node areas, and
bundle branches (Poelmann et al., 2004) that was not reported by Jiang et al (2000).
These CNC cells destined to the proximal conduction system had been described
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previously to enter via the venous pole and to undergo apoptosis (Poelmann et al., 1999).
Another study that used both W ntl-Cre and P0-Cre mice further expanded the pattern of
CNC contributions showing the presence o f these cells in the semilunar and AV valves
that persisted into adulthood (Nakamura et al., 2006).
Recently, the presence o f differentiated melanocytes was described in the heart,
localized mostly to the valvuloseptal apparatus supporting the notion o f a wider and more
persistent contribution o f NC cells in the heart (Mjaatvedt et al., 2005). However, the
developmental trajectory o f these cells was not analyzed. In this study, I used transgenic
mice that express LacZ under the control of the Dct promoter {Dct-LacZ) (Zhao and
Overbeek, 1999) to track melanoblasts entering the heart to establish whether already
committed NC cells reach the heart and delineate a timeline for their migratory pathway.
I also used mice with mutations that affect Kitl and End3 (Baynash et al., 1994; Geissler
et al., 1988; Hosoda et al., 1994; Nocka et al., 1990) signaling to determine if cardiac
melanocytes depend on the same pathways that are critical for proper cutaneous
melanocyte development.

3. Results
3.1 NC cells reach the heart already committed to the melanocytic fate
As previously described (Mjaatvedt et al., 2005), we found melanocytes in

l

-

Dopa stained adult mouse hearts. These melanocytes were mostly localized to the mitral
(Figure 11 A) and tricuspid valves. In order to determine when already committed
melanocyte precursors are found in the heart, I initially performed RT-PCR with RNA
obtained from embryonic hearts using primers to amplify Dct. At E10.5, little or no
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expression o f Dct was seen while there was considerable expression at E14.5 (Figure
11B).
To further characterize the position o f melanoblasts at earlier embryonic stages
and determine when these cells reach the heart, I performed in situ hybridization with a
Dct probe and traced the melanoblasts using the Dct-LacZ mouse. On whole mount
preparations of D ct-LacZ embryonic hearts, the earliest time LacZ positive cells could be
easily detected in the heart was E13.5 (data not shown). At E.14,5, a large number of
LacZ positive cells were found inside the heart in a pattern that seemed to overlap with
the AV endocardial cushions (Figure 11C), the regions where the AV valves arise from.
This was confirmed by the distribution o f these cells observed in sections o f Pgalactosidase stained hearts (Figure 1 ID) or labeled by in situ hybridization with the Dct
probe (Figure 1 IE).

Figure 11. Melanocyte precursors are found in the heart as early as E14.5. (A)
Cryosection o f an adult mouse heart stained with L- Dopa indicating the presence o f
melanocytes (arrows) in the mitral valve leaflet (MVL). (B) RT-PCR with mRNA
obtained from E10.5 and 14.5 hearts. Dct was not expressed at E10.5 but was highly
expressed at E14.5. H PRT was used to normalize the quantities o f RNA used. (C) Whole
mount E14.5 heart from a Dct-LacZ transgenic mouse showing the presence o f large
numbers o f LacZ positive cells in the region o f the developing AV valves. (D)
Cryosection o f the heart shown in (C) confirming the presence o f LacZ positive cells in
the developing AV valves. (E) In situ hybridization on cryosection o f E l4.5 heart with a
Dct riboprobe showing many Dct positive cells (arrows) in the developing tricuspid
valve. EC: endocardial cushion; IVS: interventricular septum; LA: left atrium; LV: left
ventricle; RA: right atrium; RV: right ventricle. Scale bar: (A) 8 mm, (D) 140 pm, (E)
100 pm.

Although Dct-LacZ positive cells were not readily seen in whole mount
preparations o f E l 2.5 hearts, in sections, isolated melanoblasts were found in the AV
endocardial cushions (Figure 12A). Additionally, a few Dct-LacZ positive cells were
found in the surroundings area o f the aortic sac and common cardinal vein. Small groups
also appeared on the dorsal aspect o f the right atrium, apparently traveling along the
anterior cardinal vein and the sixth branchial arch artery (Figures 12A and B).
At E l 1.5, large numbers o f melanoblasts are seen migrating along the dorsolateral
pathway from the post-otic region to the base o f the forelimb. Although Dct-LacZ
positive cells were not found in the endocardial cushions, few were already detected in
close proximity, such as in the region surrounding the trachea and brancheal arch arteries
and appeared to be entering the heart via the septum primum (Figure 12C). The distance
between the melanoblasts traveling along the dorsolateral pathway and those that by this
stage seem to be entering the heart, suggests that the latter emigrate from the neural tube
at an earlier stage.
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Figure 12. The earliest time melanocyte precursors were found in the heart was E12.5.
(A, B) Cryosections o f E l 2.5 hearts from Dct-LacZ embryos. Isolated Dct-LacZ positive
cells (arrows) were observed in the AV endocardial cushion (EC) , around the common
cardinal vein (CCV) (A), anterior cardinal vein (ACV), pulmonary artery (PA) and sixth
branchial arch artery (BAA) (B). (C) At E l 1.5, many Dct-LacZ positive cells were seen
migrating along the dorsolateral pathway while only very few were found in proximity to
the heart. DRG: dorsal root ganglion; LA: left atria; LV: left ventricle; NT: neural tube;
PT: pulmonary trunk; RA: right atrium; RV: right ventricle; SP: septum primum; TR:
trachea, FL: forelimb, DA: dorsal aorta. Scale bar: (A, B) 153 pm, (C) 180 pm.

At E l 0.5 most D ct-LacZ positive cells were localized in the post-otic area
extending into the second and third branchial arches. A small group o f cells were found
more posterior in the region o f somites 2 and 3 (Figure 13A). Since these cells occupy the
most ventral positions, they might be the first to reach the heart. In order to compare the
p o sition of Dct- L acZ p o sitiv e cells in relation to other N C cells, I labeled consecutive

sections of Dct-LacZ embryos with P-galactosidase and with the neural crest marker
Cellular Retinoic Acid Binding protein I (CRABPI; Figure 13B; Conway et al., 1997;
Ruberte et al., 1992). At E10.5, Dct-LacZ positive cells are found in regions o f CRABPI
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expression. Around the otic vesicle, Dct-LacZ positive cells seem to overlap with
CRABPI expressing cells (Figures 13B and C). Although CRABPI positive cells were
observed in the aortic sac (Figure 13D), no Dct-LacZ positive cells were found in the
same area (data not shown) demonstrating that the cardiac melanoblasts are not part of
the outflow tract population at E l 0.5. Flow ever, slightly more posterior, isolated DctLacZ positive cells were found traveling at a certain distance from the embryo’s surface,
close to the sixth branchial arch arteries in areas o f CRABPI expression (Figures 13E and

F).

Figure 13. Melanocyte precursors have not yet reached the heart or outflow tract at
E10.5. (A) Whole mount E10.5 Dct-LacZ embryo stained for (3-galactosidase. Dct-LacZ
positive cells are mostly located in the post-otic area. A few, are found more ventrally at
the level o f som ites 2 and 3 (S). (B, C, E, F) C onsecutive cryosections stained for 6galactosidase (B, E) and in situ with CRABPI probe (C, F). Dct-LacZ positive cells
(arrows) were found in areas o f CRABPI staining around the otic vesicle (OV) (B, C) and
trunk mesenchyme (E, F). (D) CRABPI positive cells (arrow), but not D ct-LacZ positive
cells, were observed entering the aortic sac (AS). BAA: branchial arch artery; LA: left
atrium; NT: neural tube; RA: right atrium; V: ventricle. Scale bar: (B, C, D, E, F) 125
pm.
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3.2 Cardiac melanocytes depend on Ednrb and Kit signaling
To determine whether the melanocytes residing in the heart depend on the same
signaling pathways that play a role in the early development o f those destined to the skin,
I looked for their presence in whole mount preparations o f two months old hearts o f the
mutants lethal spotting (Edn3ls/ls), piebald lethal (Ednrbs4/s~l) and viable dominant
spotting (K if-v/v' v) mice. Edn3Ms mice have varying amounts o f pigmented and nonpigmented areas in their coats due to an initial reduction in the number o f melanocyte
precursors with some subsequent correction as they migrate into the epidermis (Yoshida
et al., 1996). Compared with the AV valves o f wild type mouse hearts (n= 5; Figure
14A), very few l- Dopa positive cells were detected in the area of the AV valves of
Edn3ls/ls hearts (n= 3; Figure 14B). The coats o f Ednrbs'I/s'1 and Kitw~v/w~v mutants are
almost completely white as a result o f a dramatic decrease in the melanocyte precursor
population (Cable et al., 1995; Lee et al., 2003; Pavan and Tilghman, 1994). Accordingly,
no l- Dopa positive cells were found in Ednrbs l/s l (n= 2; Figure 4C) and Kitw'v/w'v hearts
(n= 5; Figure 14D).
Transgenic mice that over-express Edn3 under the control o f the keratin5
promoter (K5-tTA;TRE-Edn3) are hyperpigmented due to the presence o f larger numbers
o f dermal melanocytes and an increase in pigment production (Garcia et al., 2008). Dopa
staining in K5-tTA;TRE-Edn3 AV valves (n= 5, Figure 14E) was more pronounced and
also detected in ectopic sites such as th e p ulm onary valve and outflow tract (data not

shown). This increase in Dopa staining could be due to the presence o f larger numbers of
melanocytes, more melanin production, or both. Although transgenic Edn3 is capable of
partially rescuing the skin pigmentation phenotype o f Kitw~v/w~v mice, no L- Dopa positive
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cells were found in these mutants carrying the K5-tTA;TRE-Edn3 transgene (Figure 14F).
These results suggest that the Ednrb and K it signaling pathways are also involved in the
proper development o f melanocytes destined to the heart.

Figure 14. Cardiac melanocytes depend on Edn3/Ednrb and Kit signaling, l - Dopa
staining o f whole mount 2 months old hearts. In wild type hearts, L- Dopa positive cells
(arrows) were found in the AV valves (A). Very few or none were found in the same area
o f Edn3Ms (B); Ednrbs~t/s~l (C) and Kitw'v/w'v hearts (D). While large numbers o f l- Dopa
positive cells were found in K 5-tTA;TRE-Edn3 hearts (E), none were present in the hearts
o f transgenics on a Kitw'v/w'v background (F). RV: right ventricle, IVS: interventricular
septum; LV: left ventricle.

3.3 Cardiac melanocytes are only found in four-chambered hearts
In order to determine if melanocytes are also found in other vertebrate hearts and
begin to identify a putative function for these cells, I looked for their presence in the
zebrafish, frog and quail hearts. Although many L- Dopa positive cells were found in the
fat and tissues surrounding the hearts o f zebrafish and frog, they were not detected
anywhere inside their hearts (n= 8, Figure 15A; n= 3, Figure 15B, respectively). Large
numbers o f melanocytes were also observed in the fat tissue around the quail hearts.
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Inside the hearts, small numbers were found in the region o f the AV valves (n= 8, Figure
15C). These results suggest that only in four chambered hearts, melanocytes populate the
AV valves.

Figure 15. Melanocytes are only found in four-chambered hearts. L- Dopa staining of
whole adult hearts. (A) In the zebrafish, many L- Dopa positive cells are found in the
tissue surrounding the heart but not inside, as shown by their location (arrowhead) in a
cryosection through the atrium and ventricle (insert, Scale bar: 50 pm). (B) In the frog, LDopa positive cells were not found inside the heart. (C) In the quail, a few L- Dopa
positive cells were found in the area o f the AV valves. A: atria, V: ventricle, LA: left
atria, LV : left ventricle, RA: right atria.

4. Discussion
The presence of differentiated melanocytes in the adult heart suggested that neural
crest derived cells contribute and persist in areas other than the outflow tract (Mjaatvedt
et al., 2005). Lineage tracing using the Wntl-Cre and PO-Cre systems confirmed that the
melanocytes found in E l 7.5 AV valves were indeed o f NC origin (Nakamura et al.,
2006). Our study showed that melanocyte precursors reach the heart and can be found in
AV endocardial cushion tissue as early as E l 2.5. These cells are already committed to the
melanocytic fate as evidenced by their expression o f Dct. This parallels the situation for
cutaneous melanocytes, whose precursors start expressing melanogenic markers before
they reach the epidermis and hair follicles. It is has not been established whether other
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NC cells destined to the heart or the outflow tract show any signs o f lineage commitment.
NC derived cells expressing neuronal or glial markers have also been shown to persist in
the heart but have only been documented at later stages (E17.5) o f gestation (Nakamura
et al., 2006).
The lack o f melanocytes in the AV valves o f Kit and Ednrb mutants indicate that
cardiac melanocytes depend on the same signaling pathways that are crucial for
cutaneous melanocytes. Both Kit and Ednrb signaling are required at early stages of
cutaneous melanocyte development affecting the survival and migration o f precursors
(reviewed in Pla and Larue, 2003; Wehler-Haller, 2003). Except for the melanoblasts, it
does not seem that CNC cells are affected by these signaling pathways since the
corresponding mouse mutants have not been shown to have the characteristic outflow
tract defects. The limitation o f the Dct-LacZ transgenic system prevents me from directly
showing that those precursors found in the heart at E12.5 descend directly from the
melanoblasts migrating along the dorsolateral pathway at earlier stages. However, their
dependence on Ednrb and Kit signaling infers that.
There is a dramatic difference between the numbers o f D ct-LacZ positive cells
found in close proximity to the heart between E l 1.5 and E12.5 and those seen in the AV
endocardial cushions and developing valves from E13.5 onwards. This difference could
be due to an increase in the proliferation rate of precursors once they reach an
environment rich in mitogens such as Endothelin 1 and members o f the fibroblast growth
factor family (Kurihara et al., 1995; Sugi et al., 2003). The apparent increase in the
number o f melanocytes in the AV valves o f K5-tTA;TRE-Edn3 mice further supports this
possibility since we found that the keratin 5 promoter drives transgene expression to
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certain areas o f the heart including the developing AV valves (data not shown). It is also
plausible that the Dct-LacZ positive cells found at later stages constitute a heterogenous
population originating from those few committed melanocyte precursors as well as from
other NC cells that reach the heart as uncommitted cells and differentiate in situ. This
possibility is unlikely since melanocytes are not found in Kit and Ednrb mutants. Since
CNC cells do not depend on Kit or Ednrb, these cells could possibly differentiate as
melanocytes in the valves o f the respective mutants.
Lineage tracing using Dil injections has shown that CNC cells that originate in
the cranial region migrate dorsolaterally (Chan et al., 2004). The co-localization of DctLacZ and CRABPI positive cells in the areas around the otic vesicle support these
findings. The migratory pathway o f trunk CNC cells is more complex, with cells taking
the dorsolateral, ventromedial and ventrolateral pathways. It is unclear whether all those
cells taking the dorsolateral pathway are melanocyte precursors. It is, however, important
to point out that these cells are found migrating along the dorsolateral pathway much
earlier (between E8.5 and E9.5) than the cells I can detect with the D ct-LacZ transgene or
any other melanocytic marker. Based on the lineage tracing studies employing transgenic
mice carrying NC-specific Cre recombinase to drive LacZ expression (Epstein et al.,
2000; Jiang et al., 2000; Yamauchi et al., 1999) and the presence o f CRABPI expressing
cells in the aortic sac at E10.5, it appears that some NC cells reach the heart one or two
days earlier than the m elanoblasts.

Although cardiac melanocyte precursors may originate from the same axial levels
as CNC cells and share migratory pathways, they constitute a separate population based
on their level o f commitment, timing o f arrival in the heart and signaling dependence. It
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would be interesting to investigate whether signaling pathways such as those mediated by
Endothelin receptor a (Ednra) (Clouthier et al., 1998) and F G F S (Frank et al., 2002) that
have been shown to affect CNC cells but not cutaneous melanocytes have an effect on
cardiac melanocytes.
In addition to the contribution o f NC derived cells to the hearts o f avians and
mice, recent data have shown they also play a role during Xenopus and zebrafish cardiac
development. In Xenopus, ablation o f premigratory NC cells lead to abnormal heart
morphogenesis (Martinsen et al., 2004). In zebrafish, cranial NC cells have been found to
migrate to the myocardial wall of the heart tube and acquire a myocardial phenotype.
Ablation or interruption o f migration o f these NC cells lead to cardiac phenotypes that are
much more severe than those observed in avian and mice (Li et al., 2003; Sato and Yost,
2003, Sato et al., 2006). Despite the presence o f NC cell derivatives in the hearts o f
Xenopus and zebrafish, they do not contribute cells o f the melanocytic lineage. The fact
that only the hearts o f quail and mouse have melanocytes indicates that they may be
associated with the more complex morphogenetic events involved in the formation o f
four-chambered hearts.
Cardiac melanocytes are not essential for gross heart morphogenesis or
physiology since Kit mutants live well into adulthood with apparently normal hearts.
They may, however, have a more subtle role that becomes critical in situations o f stress.
Cutaneous melanocytes have a protective role against UV damage (Miyamura et al.,
2007). Inner ear melanocytes have a structural function and also seem to participate in
controlling ionic balance for the maintenance o f the endocochlear potential (Tachibana,
2001). These functions do not seem to apply to cardiac melanocytes. Rather, their
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location and tim ing of arrival in the heart suggest th ey m ay b e involved in AV valve
development from the endocardial cushions. This process requires the expression o f
specific extracellular matrix proteins and remodeling enzymes such as metalloproteases
(Lincoln et al., 2006). NC cells that contribute to the anterior segment o f the eye have
been shown to secrete enzymes that participate in the remodeling o f the extracellular
matrix for proper comeal differentiation (Hay, 1979). The targeted deletion o f the
metalloprotease meltrin beta/ADAM19 exclusively in NC cells lead to ventricular septal
defects and AV valve malformations (Komatsu et al., 2007). Given that melanoblasts
have been shown to express and secrete metalloproteases (Lei et al., 2002), they may
contribute to valve remodeling along with other CNC cells.

5. Methods
5.1 Mice
All animals used in this study were housed in the Animal Care Facility at Florida
International University (Miami, FL). Animal work was performed according to
institutional guidelines established by the National Institutes o f Health. W ild type
(C57BL/6/J), Ednrbs'1 (SSL/Le), Edn3ls (LS/LeJ), and Kitw'v/w'v were originally obtained
from The Jackson Laboratory, Maine. K5-tTA;TRE-Edn3 transgenic mice were generated
in our laboratory as described in Garcia et al., 2008. Dct-LacZ mice created on a FVB/N
backround w ere pro v id ed b y D r. Paul O verbeek (B aylor C ollege o f M edicine, H ouston)

(Zhao and Overbeek, 1999). Noon o f the day a vaginal plug was defined as embryonic
day 0.5 (E0.5). Harvested embryos were subsequently staged according to standard
references (Kaufman, 1995).
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P re-hatching and adult quail ( C olinus virginianus) hearts w ere obtained from Dr.

Robert Lickliter (Department o f Psychology, Florida International University, Miami).
Frog (Xenopus laevis) and zebrafish (Danio rerio) hearts were obtained from Dr. Mary
Lou King (University o f Miami Medical School, Miami).

5.2 Semi-quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA from E10.5 and E14.5 hearts were extracted using Trizol (Gibco BRL)
and cDNA was synthesized from lu g o f RNA using Reverse Transcriptase (RT) and
oligo (dT) primers from Cells to cDNA kit (Invitrogen - Superscript first strand synthesis
system for RT). PCR reactions were carried out for 35 cycles using the following Dct
primers:

5 ’CT AACCGC AGAGC AACTTGGC3 ’

and

5’CCTTGAGAAGTCGCACACGA3’ that yield a 303 bp product and accompanied by
controls in which RT was not added (RT-). Levels o f cDNA were normalized with H PRT
using

primers:

5 ’GGAGCGGTAGCACCTCCT3 ’

and

5 ’GAAACGACTGGACGACCTAA3 ’ that yield a 311 bp size product.

5.3 l- Dopa, /3-galactosidase staining and in situ hybridization
Whole mount adult hearts or cryosections were subjected to the l- Dopa reaction
to stain differentiated melanocytes with tyrosinase activity according to previously
described p rotocols (H irobe, 1984; H irobe et al., 2002).

Whole embryos and cryosections were stained for /3-galactosidase according to
standard protocols (Furth et al., 1994; Nagy et al., 2003). For the localization o f
embryonic LacZ positive cells migrating to or within the heart, serial cryosections (10
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pm) were taken starting at the level o f the otic vesicle and ending at the posterior most
aspect o f the heart.
In situ hybridization on embryonic cryosections was carried out according to
standard protocols (Wilkinson and Nieto, 1993). The sections were hybridized to DIGlabeled Dct (Steel et al., 1992) or CRABPI (Image clone # 468828) probes and visualized
with alkaline phosphatase anti-DIG antibody (Roche).
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CHAPTER IV: THE LOCALIZATION OF MELANOCYTES AND

ITS CO

EXPRESSION WITH ECM PROTEINS IN THE ATRIOVENTRICULAR VALVES
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1. Abstract
Heart valves are complex structures composed o f organized layers o f extracellular
matrix, intersticial and overlying endothelial cells. Recently, a population o f neural crest
derived melanocytes has been described in the mouse atrioventricular valves. This study
presents the specific localization o f the melanocytes within the AV valves at ages (N1.5,
N4.5, 3 and 8 weeks old) important for their embryonic and post-natal development. In
all stages analyzed, melanocytes were found in high numbers populating the atrial aspect
o f the tricuspid septal leaflet, followed by the mitral septal leaflet. The pulmonary valve
did not present melanocytes at any stage analyzed. Two o f the most prominent
extracellular matrix molecules in the valves are Collagen I and Versican B. Their patterns
o f expression accompany valve remodeling and are complementary to each other.
Melanocytes were found to reside primarily in areas o f Versican B expression. The
patterns o f expression o f Collagen I and Versican B were not, however, disrupted in
valves containing extra numbers o f melanocytes (K5-tTA;TRE-Edn3) or no melanocytes
(Kitw'v/ w'v). To further characterize a putative role for melanocytes in the valves, the
quasi-static and dynamic nanomechanical properties o f the hypo and hyperpigmented
tricuspid valve leaflets were measured. The stiffness coefficient o f hyperpigmented
leaflets was higher (approximately 11.5 GPa) when compared with the ones from wild
type (approximately 7.5 GPa) and hypopigmented (5.5 GPa for K itWv/ w~v; and 3.5 GPa
for Ednr¥fA/sA) leaflets. These results suggest that melanocytes may contribute to the
mechanical properties o f the heart valves.
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2. Introduction
Heart valves are structures that guarantee unidirectional blood flow during the
cardiac cycle. For that, they need to open and close in a coordinate fashion at least 3 x 109
times during a single lifetime. While they are mostly passive structures driven by forces
exerted by the surrounding blood and heart, they exhibit complex biomechanical
properties. The mechanical requirements for elasticity, compressibility, stiffness and
strength, as well as durability throughout the lifespan o f an individual are achieved
primarily by their highly organized and compartmentalized extracellular matrix (ECM)
composition (Rabkin-Aikawa et al., 2005; Schoen, 2005).
The semilunar valves (SL: pulmonary and aortic) o f the outflow tract are
composed o f three cusps, whereas the atrioventricular (AV: mitral and tricuspid) o f the
AV canal have two or three leaflets supported by chordae tendineae that insert into the
ventricular papillary muscles. Valve development starts in the embryo with the
endothelial-mesenchymal transformation o f the endocardium in the outflow tract and
atrioventricular (AV) canal to form the endocardial cushions. Endocardial cushions then
elongate due to cell proliferation and during post-natal development undergo expansion
and remodeling o f the ECM to form the mature SL valve cusps and AV valve leaflets as
well as their supporting structures (Person et al., 2005).
The mature valve structure is composed of ECM, valvular interstitial cells and
overlying endothelial cells. To achieve the demanding mechanical properties o f the
valves, a three-layered organization o f the ECM has evolved. These layers are the fibrosa,
the spongiosa, and the atrialis (AV)/ ventricularis (SL) (Rabkin-Aikawa et al., 2005). In
the AV valves, the fibrosa layer is located away from the blood flow and it is
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predominantly composed o f parallel, dense collagen fibers that confer stiffness and
strength to the leaflets. These properties are required for the proper closing o f the valve
orifices preventing reflux into the adjacent chamber.

The spongiosa layer is rich in

proteoglycans that provide a compressible matrix and allows for changes in leaflet shape
during the cardiac cycle. In the mouse, there are many proteoglycans expressed in the
spongiosa layer during remodeling. Two o f the most abundant components are hyaluronic
acid (Camenisch et al., 2000) and Versican (Mjaatvedt et al., 1998). The atrialis layer is
located adjacent to blood flow and it is mostly composed o f aligned elastin fibers
combined with short collagen fibers in a radial arrangement, allowing the leaflets to
stretch and retract during the cardiac cycle (Rabkin-Aikawa et al., 2005).
Post-natal valve development allows for the adjustment to the increasing body
mass and changes in vascular pressures (Leu et al., 2001). Different processes are
responsible for AV valve maturation. For example, in the mouse, between E l 5.5 and
E l 8.5, a significant increase in endocardial cushion mesenchymal cell density occurs in a
process called condensation. From E l 8.5 onwards, valve leaflets start elongating and by
3 weeks after birth, their length has increased by 8.0 fold. Between the first and the
eighth week post-natal, there is a modification in the expression pattern o f ECM
molecules, including Collagen I and Versican B, which promotes the remodeling o f the
leaflets (Kruithof et al., 2006). At E15.5 and E18.5, Collagen I expression is distributed
throughout the valve. After birth it becomes restricted to the ventricular side o f the leaflet
while Versican B is mostly found in complementary areas in the atrial side (Kruithof et
al., 2006).
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Apart from the endodermal and mesenchymal-derived cells that are present in the
valves, other cell types have not been previously described to be involved in their
development. The neural crest cells have long been known to participate in the formation
o f the outflow tract o f the heart (Hutson and Kirby, 2007). Their contribution to the heart
itself is still an area o f much debate (Snider et al., 2007). Recently, a few studies using
the Cre-Lox system to trace neural crest lineage cells in the mouse have indicated that
they can be found in the proximal conduction system and AV valves (Poelmann et al.,
2004; Nakamura et al., 2006). Some o f these cells seem to remain undifferentiated but
others show neuronal, glial and melanocytic differentiation markers (Nakamura et al.,
2006). Cells of the melanocytic fate reach the developing heart already committed and
persist into adulthood, particularly in the AV valves and chordae tendineae (Mjaatvedt et
al., 2005; Brito and Kos, 2008; Yajima and Larue, 2008).
In an attempt to identify a putative role for melanocytes in the AV valves, I
performed a systematic histological analysis during post-natal development o f their
localization in the leaflets in relationship to the expression o f ECM molecules relevant to
AV patterning. Melanocytes were found in the atrial sides o f the AV valves in areas rich
in the proteoglycan Versican B. To test if melanocytes could affect the AV patterning o f
the leaflets, ECM expression was analyzed in hypopigmented mice, in which
melanocytes are completely absent, and in transgenic mice that over-express endothelin,
in which there is an excessive number o f melanocytes not only in the AV valves but also
in ectopic locations such as the pulmonary valve.

Further, I compared the dynamic

mechanical properties o f mitral valve leaflets with varying amounts o f melanocytes using
a nanoindentation approach (Ebnstein and Pruitt, 2006). This is the first time the
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mechanical properties o f murine valves have been studied. I found a correlation between
the number o f melanocytes present in the valves and their stiffness.

3. Results
3.1 The localization o f melanocytes in the valves
Hearts from different ages were dissected and submitted to the l- Dopa staining
technique which stains melanocytes and melanin within cells and tissues. The distribution
o f melanocytes was analyzed along the base-tip, ventral-dorsal, and ventricular-atrial axis
o f the valve (Figure 16).
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Figure 16. Schematic diagram o f the leaflets o f a valve (by Boudewijn Kruithof).

The mitral mural leaflet (mml) showed few or none melanocytes throughout the
stages analyzed. At N1.5, they were detected at the most ventral side close to the
attachment to the mitral septal leaflet (Figure 17A). At N4.5, few cells were found at the
most distal part o f the tip, however this expression pattern was not seen in all leaflets
analyzed (Figure 17E). The same inconsistent pattern was observed at 3 weeks o f age
where melanocytes were detected at the ventral side and a little broader (up to the distal
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tip) within the leaflet (Figure 171). However, at 8 weeks o f age the L-Dopa positive cells
were commonly seen in the distal tip and in the ventral part o f the mml (Figure 17M).
Melanocytes were also detected in the mitral septal leaflet (msl). At N1.5, they
were found at the dorsal side along the atrial side o f the leaflet. At the middle and more
ventral areas they were located in the tip o f the leaflet (Figure 17B). A similar pattern
was observed at N4.5 hearts where i -Dopa positive cells were located at the tip and
possibly nodular thickenings o f the msl (Figure 17F). At 3 and 8 weeks old, the
localization pattern of melanocytes resembles earlier stages; however at 8 weeks o f age,
those cells were seen more in the middle o f the leaflet instead o f at the dorsal side
(Figures 17J and N, respectively).
The presence o f melanocytes in the tricuspid mural leaflet (tml) was restricted to
certain regions and ages. At N1.5, only the most ventral side o f the leaflet at the atrial
side showed the presence of L-Dopa positive cells (Figure 17C). At N4.5 melanocytes
were observed at the tip o f the tml. In addition, at the most ventral side, they were found
along the down h alf or whole length and width o f the leaflet (Figure 17G). At 3 weeks o f
age, almost none or none L-Dopa positive cells were found in the tml (Figure 17K).
However, at 8 weeks o f age, melanocytes were found in the tip o f the leaflet and its
distribution varied from being restricted to the medial aspect to a more widespread
localization along the entire tip o f the tml (Figure 170).
Most o f the L-Dopa positive cells in the heart were found in the tricuspid septal
leaflet (tsl).

The distribution o f melanocytes in the tsl throughout all stages showed

certain specificity. There are patterns along the dorsal-ventral, atria-ventricular, and basetip directions. At N1.5, L-Dopa positive cells were found mostly in the atrial side o f the
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leaflet at the dorsal area o f the heart, more ventrally their distribution becomes wider and
occupies the entire width o f the leaflet (Figure 17D). Between the most ventral and dorsal
part o f the leaflet there is a gap with no L-Dopa positive cells present. Analysis o f N4.5 tsl
showed similar patterns, however more cells were present at the tip side o f the valve
(Figure 17H). The different patterns between N4.5 and 3 weeks old leaflets were clear. At
N4.5 melanocytes were found along the total dorsal-ventral axis while at 3 weeks old,
very little L-Dopa positive cells were found at the dorsal side (Figure 17H and L,
respectively). Additionally, the gap without positive cells is found along the dorsalventral axis and not only in the middle region o f the leaflet. At 8 weeks o f age, most
melanocytes were found in the midline o f the heart at the tip o f the leaflet (Figure 17P).
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Figure 17. Distribution o f melanocytes in post-natal AV valve development. L- Dopa
stained sections o f the mitral mural (A, E, I and M), mitral septal (B, F, J and N),
tricuspid septal (C, G, K and O), and tricuspid mural (D, H, L and P) leaflets showed that
melanocytes are mostly localized to the atrial aspect o f the valve. Magnification lOx.

The presence o f melanocytes in the aortic valve was detected in all stages
analyzed; however its distribution in the three cusps was not consistent. At N1.5, L-Dopa
positive cells were found in the posterior and right coronary cusps (Figure 18A). At N4.5,
melanocytes were found mainly in the right cusp and few cells were observed in the left
and posterior cusps (Figure 18C). At 3 and 8 weeks o f age, the presence o f melanocytes
was constant in the right and posterior cusps, preferentially in the middle portion o f the
leaflet (Figure 18F and I, respectively). Interestingly, the pulmonary valve did not show
L-Dopa positive cells in any o f the stages analyzed (Figure 18B, D, G and J).
The presence o f melanocytes in the venous valves was not observed at N1.5 (data
not shown). At N4.5, L-Dopa positive cells were restricted to the tip o f the valve (Figure
18E) while in later stages (3 and 8 weeks o f age), melanocytes were detected throughout
the entire length o f the leaflet (Figure 18H and K). In all stages analyzed, melanocytes
were detected at the dorsal right atrium and found usually in close proximity to the
venous valves. At 8 weeks o f age, a group o f very strong L-Dopa positive cells was
detected upstream of the venous valves (Figure 18K). This is the first time that the
presence o f neural crest derived cells has been described in the venous valves.
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Figure 18. Distribution of melanocytes in post-natal SL valve development. L-Dopa
positive cells at different stages o f development in the aortic, pulmonary, and venous
valves. The aortic valves (A, C, F, and I) have melanocytes throughout all stages,
especially at the right coronary cusp (R) and at the posterior cusp (P). No L-Dopa positive
cells were detected at the pulmonary valves (B, D, G, and J). At the early stage o f N1.5,
the venous valves did not show the presence of melanocytes (data not shown). From N4.5
onwards, those cells were detected along the leaflets (E, H, and K). Magnification lOx.

Nevertheless, melanocytes were observed at N1.5 at the right side o f the atrial
septum (AS) and surrounding the IVS (Figure 19A). The cells in the central fibrous body
(cfb) are contiguous with the L-Dopa positive cells in the tsl (Figure 19B). In the IVS at
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N4.5, melanocytes were found in a continuous manner along its entire outer curvature
(blue line) between the site of attachment of the tsl and the msl (Figure 19C).
Additionally, the same pattern (orange line) was observed between the tsl and the aortic
valve (av) (Figure 19D). At 3 weeks o f age, melanocytes were mostly found in the AS
(Figure 19E) and along the tsl (Figure 19F). At 8 weeks old heart, L-Dopa positive cells
were mostly found at the left upper side o f the IVS along the outer curvature (green lines)
(Figure 19G and H).
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Figure 19. L-Dopa staining in N 1 .5, N 4.5, 3 and 8 w eeks old hearts. (A and B) N 1.5 heart
with melanocytes (black spots) in the close to the atria septum (A S), mostly in the central
fibrous body (cfb) in the interventricular septum (IV S). (C and D ) A t N 4.5, L-Dopa
positive cells were localized along the IV S outer curvature (blue and orange lines). (E
and F ) A t 3 weeks old, in the ventral aspect o f the leaflet, melanocytes were mostly found
in the A S (E). A t a more dorsal level, they were found at the tsl (F). (G and H ) A t 8
weeks old, L-Dopa positive cells were mostly found at the left upper side o f the IV S along

the outer curvature (green lines), av: aortic valve; msl: mitral septal leaflet; tsl: tricuspid
septal leaflet. Magnification 20x.

3.2 Correlation between melanocytes localization and extracellular matrix expression in
the AV valves
Collagen I and Versican B are two o f the ECM proteins involved in different
stages o f valve development and are important during the remodeling o f the leaflets after
birth. In order to identify a possible correlation between the presence o f melanocytes in
the valves and the pattern o f expression o f ECM molecules, I did L-Dopa staining and
Collagen I and Versican B double antibody staining in wild type, hyperpigmented (K5tTA;TRE-Edn3) (Garcia et al., 2008) and hypopigmented ( K if'v/w~v) (Nocka et al., 1990)
paraffin sections from adult hearts.
Hypopigmented animals do not have melanocytes in the leaflets o f the valves
(Brito and Kos, 2008) (Figure 20A). Notwithstanding, the pattern o f

expression of

Collagen I (Figure 20B) and Versican B (Figure 20C) was similar to that found in wild
type leaflets (Figures 20F and G). The wild type pattern o f expression was also found in
the leaflets o f hyperpigmented mice (Figures 20J and K). Interestingly, the localization of
melanocytes in the wild type leaflet corresponded precisely to areas o f Versican B
expression (Figure 20H). The same pattern was noticed in the hyperpigmented leaflets
(Figure 20L) demonstrating that melanocytes preferentially localize to areas where
Versican B is expressed and a correlation between them should be explored.

84

L-dopa
*

K it -/-

C o llag en I

V ersican B

O verla p

lllffll M

■

W ild type

K5-tTA;
T R E -E d n 3

Figure 20. L- Dopa, Collagen I, and Versican B antibody stainings in the AV valves o f
hypopigmented (K it") wild type and hyperpigmented (K5-tTA;TRE-Edn3) hearts. (A-D)
Hypopigmented leaflets showing that melanocytes are not present (A) and Collagen I (B)
and Versican B (C) have a complementary expression pattern. (E-H) Wild type AV
valves showing that the localization o f melanocytes (black) (E) overlaps with the areas
where Versican B is expressed (G and H) and not with Collagen I (F). (I-L)
Hyperpigmented leaflets (I) and Collagen I (J), and Versican B (K) expression patterns.
The melanocytes presence (dark silver) coexists with areas where Versican B is
expressed (L). Magnification 20x.

Melanocytes are not normally found in the pulmonary valves o f wild type animals
(Figure 21 A). However, a large number o f L-Dopa positive cells was observed in the
pulmonary valve o f the hyperpigmented animals (Figure 21C). As for the AV valves o f
hypopigmented animals, the patterns o f expression o f Collagen I or Versican B in the
leaflet o f the pulmonary valve (Figure 2 ID) were not different than those o f the leaflets
o f wild type mice (Figure 21B). Together, the results indicate that melanocytes might not
be responsible for regulating the expression o f Collagen I and Versican B in the cardiac
valves.
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Figure 21. l- Dopa, Collagen I, and Versican B antibody stainings in the pulmonary
valves o f wild type and hyperpigmented (K5-tTA;TRE-Edn3) hearts. (A) There are no
melanocytes present in the pulmonary valve (PV) o f wild type hearts. (B) The expression
pattern o f Collagen I (green) and Versican B (red) are complementary in the wild type
pulmonary valve. (C) In hyperpigmented animal, an ectopic expression o f melanocytes
(black) in the pulmonary valve was detected. (D) Versican B (red) and melanocytes
(silver) co-localized in the pulmonary valve o f the adult hyperpigmented mouse.
Magnification 40x.

3.3 Mechanical properties o f the AV leaflets
Even though I did not detect alterations in the expression o f Collagen I and
Versican B in the leaflets o f hypopigmented and hyperpigmented mice, there is still the
po ssib ility that other relevant E C M

m olecules m ight be altered

and affect the

performance o f the valves. Additionally, the simple presence o f the melanocytes and/or
melanin in the valves may have an effect on some o f their mechanical properties. To
evaluate these possibilities, I used quasi-static and dynamic nanomechanical techniques
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to measure the stiffness and hardness o f the valves with or without melanocytes. Given
the small size o f the murine valves, a more macromechanical analysis is not possible.
In order to set up a standard for the comparisons o f the valves o f hypopigmented
and hyperpigmented mice, a detailed analysis was initially performed on the tricuspid
leaflet o f the wild type mouse. A typical nanoidentation load displacement curve was
obtained from the wild type leaflet o f the tricuspid valve when a 30 pN load was applied
(Figure 22A). A corresponding scanning probe microscope (SPM) indent image o f the
leaflet at this load was taken (Figure 22B). A quasi-static nanoindentation o f the leaflet at
a depth o f approximately 67 nm yielded an average hardness o f 106.9 ± 19.4 MPa. This
test was immediately followed by the scanning o f a 4 pm region at a contact force o f 0.5
pN and a probe scan speed o f approximately 6.4 pm/s. The restoration o f indentation
depth down to 20 nm (from ~ 40 nm after indentation) as seen in the scanning probe
microscopy demonstrates the viscoplasticity o f the tricuspid leaflet.
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Figure 22. (A) Load displacement curve on tricuspid leaflet, and (B) corresponding SPM
image o f the indent.

The nanodynamic mechanical testing o f various regions in the tricuspid leaflet
yielded a wide distribution o f storage modulus ranging between 2.5 to 10 GPa (Figure
23). An inverted bell shape modulus distribution was observed in the near-surface region.
Since the leaflet is very soft, the initial increase in the surface depth showed increased
modulus. Consequently, the values reach a maximum and revert to an equilibrium value
straightening the modulus plateau.

The non-pigmented areas o f the leaflet showed a

storage modulus o f 2.5-5 GPa, which increased to 7-10 GPa in heavily pigmented
regions. Areas with moderate amounts o f pigmentation had a modulus o f approximately 7

88

GPa at varying indentation depths. It should be mentioned that the indentation depth for
heavily pigmented regions was lower (~60 nm) when compared to that of non-pigmented
regions (approximately 75 nm) for similar loads (2-30 juN) at constant frequency (100
Hz). For comparison purposes o f the dynamic analysis, the indentation depth o f 58 nm
was selected (maximum indentation depth observed for highly pigmented areas). Under
these conditions the corresponding storage modulus o f non-pigmented areas was of
approximately 4 GPa. The differences in storage modulus between non-pigmented and
pigmented areas suggest that the presence o f melanocytes in the leaflet may affect its
mechanical properties.
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Figure 23. Modulus Variation with Contact Depth o f the tricuspid leaflet.
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I further explored this correlation by measuring the storage modulus o f the
tricuspid leaflets o f hypopigmented (.Kitw'v/w~v and EdnrBUs l) and hyperpigmented (K5tTA;TRE-Edn3) mice. When compared to the average stiffness o f approximately 7.5 GPa
observed for the areas o f moderate pigmentation o f wild type leaflets, there was a
considerable difference for those obtained for the leaflets o f the hypopigmented and
hyperpigmented

mice.

The

storage

modulus

of

the

hypopigmented

leaflets

(approximately 5.5 GPa for K itw'v/ w~v; and 3.5 GPa for EdnrBs',/s'1) were much smaller
when compared with the wild type while for the hyperpigmented leaflet it was much
higher (approximately 11.5 GPa) (Figure 24). These results support the notion that the
presence o f melanocytes in the leaflets affects their stiffness.

C o n ta c t D ep th (n m )

Figure 24. Modulus Variation with Contact Depth of the tricuspid leaflet o f
hypopigmented (Kitw~v/ w'v and EdnrBs l/s'1) (red line), wild type (green line) and
hyperpigmented (K5-tTA;TRE-Edn3) (blue line),hearts.
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4. Discussion
A population of neural crest cells reach the murine heart by embryonic day 11.5
already committed to the melanocytic fate (Brito and Kos, 2008). These cells differentiate
and can be identified in the adult heart by their production o f melanin (Mjaatvedt et al.,
1998). In this study, the analysis o f different stages o f the post-natal development o f the
AV valves revealed that the localization o f melanocytes is mostly restricted to the atrial
aspect o f the leaflets. Some o f the melanocytes were found on the surface o f the atrial
aspect o f the leaflets, an area that is in direct contact with blood flow and subjected to
shear stress. The valvular endothelium coats the atrial aspect and has been shown to
respond to shear changes (Butcher et al., 2004). These cells are thought to participate in
valve remodeling and may interact with valvular interstitial cells through the release o f
paracrine factors (Leask et al., 2003). Although endothelium-denuded leaflets are capable
o f regulating the expression o f collagen and proteoglycans under shear stress conditions,
the presence o f valvular endothelial cells alters these responses (Sacks and Yoganathan,
2008). The presence o f melanocytes in the same region may contribute to these
responses.
The absence o f melanocytes from the pulmonary valves and presence in the AV
valves may be explained by the differences in ontogeny o f these valves. While the AV
valves are connected to the formation o f the outflow tract derived from the arterial pole
o f the developing heart, the pulmonary valve originates in the venous pole. There is some
evidence to suggest that neural crest cells migrate through both poles to populate the
heart (Nakamura et al., 2006). However, it is thought that most o f the cells that reach the
heart via the venous pole undergo apoptosis (Poelmann and Gittenberger-de Groot,
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1999). Some, however, do persist and contribute mostly to the parasympathetic
innervations o f the heart (Hildreth et al., 2007). It is interesting that in the
hyperpigmented transgenic mice that over-express Endothelin 3 (ET3) and have larger
numbers o f melanocytes in the AV valves, the pulmonary valve is also populated by
melanocytes. It is not yet clear why these mice have extra melanocytes in their valves.
Preliminary data suggest that the keratin 5 promoter that drives the expression o f ET3 to
the skin may also direct its expression in the heart. If that is the case, the extra amounts o f
ET3 may be able to prevent the apoptosis o f some o f the neural crest cells reaching the
heart via the venous pole and maintain them as differentiated melanocytes.
Melanocytes were most closely associated with areas o f Versican B expression
and absent from areas o f Collagen I expression. Versican B is the most common
proteoglycan that characterizes the spongiosa layer o f the leaflets (Mjaatvedt et al.,
1998). It is plausible to speculate that melanocytes might regulate the production or
expression o f Versican B. My data, however, contradicts this possibility. Leaflets with no
melanocytes, such as those from K itw'v/ w'v mice, or leaflets with extra numbers o f
melanocytes from K5-tTA;TRE-Edn3 mice, showed the same gross pattern o f expression
o f Versican B as that o f wild type leaflets.
Another possibility is that Versican B directs the localization o f melanocytes in
the leaflets. This alternative is actually supported by studies that show a role for Versican
in the control o f neural crest cell migration. In vivo and in vitro experiments have shown
that versican can act as a barrier and negatively regulate the migration o f neural crest
cells (Braunewell et al., 1995; Perris et al., 1996; Kerr and Newgreen, 1997; Perssinotto
et al., 2000; Dutt et al., 2006).
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Interestingly, a recent report has also shown a role for Versican in melanocyte
survival (Silver et al., 2008). The spontaneous mouse mutant belted carries a mutation in
the ADAMTS20 metalloprotease that prevents it from properly cleaving Versican. In the
absence o f active Versican, melanocytes precursors undergo apoptosis and leading to a
region o f hypopigmentation in the trunk o f mutant mice. It is therefore, possible that
Versican in the spongiosa layer o f the leaflets act as a stopping signal for those
melanoblasts that reach the developing valves and provide the right environment for their
survival.
The valves depend on their ECM organization to perform its biomechanical
properties. Although the melanocytes may not contribute directly to valve remodeling
through ECM regulation, they may still provide structural support that may influence the
function o f the valves. In the inner ear, melanocytes provide, among different roles,
structural support to the stria vascularis, a membrane responsible for maintaining the
endocochlear portential (Tachibana, 1999). In their absence, the cochlea eventually
collapses and hearing is impaired.
The correlation between the values o f the stiffness coefficients and the areas with
different levels o f pigmentation in the tricuspid valve leaflet suggest that the melanocytes
may indeed affect the biomechanical properties o f the valves. They might do so because
they offer an extra amount o f cellular tissue or because their specific contents, namely
melanin, confer more hardness to the valvular structure. The analysis o f leaflets o f the
hearts o f albino mice, that have melanocytes but are unable to produce melanin, should
discern between these two possibilities. It is important to note that the nanomechanical
analysis o f the leaflets o f the mutant animals showed that at all indentation levels, the
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stiffness coefficients were either all higher (in the hyperpigmented leaflets) or all lower
(in the hypopigmented leaflets) when compared to the wild type leaflets. These results
suggest that melanocytes are regulating the overall mechanical properties o f the leaflets
and may be actually changing the leaflet environment. A more detailed histological
analysis o f the mutant leaflets, including the evaluation o f other ECM molecules, will be
required to identify such changes.

5. Material and Methods
5.1 Mice
The animals used in this study were housed in the Animal Care Facility at Florida
International University (Miami, FL). Animal work was performed according to
institutional guidelines established by the National Institutes o f Health. Wild type
(C57BL/6/J), Ednrb5'1 (SSL/Le), Edn3ls (LS/LeJ), and Kitw'v/w'v were originally obtained
from The Jackson Laboratory, Maine. The K5-tTA;TRE-Edn3 transgenic mice were
generated in our laboratory as described in Garcia et al., 2008. Noon o f the day a vaginal
plug was defined as embryonic day 0.5 (E0.5). Harvested embryos were subsequently
staged according to standard references (Kaufman, 1995).

5.2 L- Dopa and antibody staining
Embryonic and whole mount adult hearts were subjected to the L- Dopa reaction
to stain differentiated melanocytes with tyrosinase activity according to previously
described protocols (Hirobe, 1984; Hirobe et al., 2002). For the localization o f l- Dopa
positive cells within the heart, paraffin sections (10 pm) were taken.
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Immunofluorescence was performed in the paraffin sections (10 pm) with
primary antibodies (1:100) directed against Collagen I (Southern Biotechnology
Associates), and Versican B (Chemicon). The dilution of the antibodies was performed in
PengT with 5% of goat serum and left overnight in a humid chamber. The secondary
antibody (1:250) incubation was performed for 3 hours in a room temperature prior to
mounting and analysis.

5.3 Nanodynamic mechanical test
The nanodynamic mechanical analysis (Nano-DMA) o f the valves is evaluated
using Hysitron’s Tribolndenter® (Minneapolis, MN) which uses pyramidal fluid-cell
Berkovich tip of 100 nm radius. Nano-DMA tests were done at 100 Hz with load-sweep
in the range of 2 to 30 pN resulting in different contact depths. All the tests were
conducted within one hour o f the dissection o f the tricuspid valves that were kept on ice
until the measurement. From the principal quasi static load and much smaller dynamic
load o f probe tip, displacement amplitude in the range o f 0.5-1.5 nm was maintained to
achieve comparable results.
The equation o f motion balances as:
F0 sin(utf) = mx + Cx + kx

(1)

The displacement response at the same frequency oscillation is x = X sin(ot - <f>),
Fo is the maximum force, m is the mass o f center plate, C and k are com bined damping
and stiffness respectively, X is the amplitude o f displacement oscillation, co is angular
frequency, and^ is phase shift o f displacement. Consequently, displacement and phase
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lag can be calculated from the response o f cell to the loading, from which the stiffness of
the cells can be evaluated by subtracting the stiffness o f the instrument.
Correspondingly, storage modulus (.E ’) can be calculated as:
E ,=

(2)

The ks is the stiffness o f cells, Ac is the contact area, which is dependent on the
contact depth. Contact depth o f the indenter is described through tip area function during
instrument calibration. Storage modulus relates to stiffness o f cells, since it falls in direct
phase with cells’ response to loading. The contact depth response o f same cells
marginally varied with similar load cycle at varying time, hence, three times repeatable
results are being reported without any statistical error analysis.
Measurements were performed at the Bioengineering Department at Florida
International University.
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CHAPTER V: SUMMARY AND FUTURE DIRECTIONS
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The field o f heart development has seen a major explosion o f novel information
during the last decade. We have now started to appreciate the complexity involved in the
patterning o f the first organ to become functional in the organism. It was generally
accepted that all cells contributing to the heart originate from the lateral plate mesoderm.
It is now clear that this is not the case. Apart from this group o f cells, the primary heart
field, other groups o f cells such as those that constitute the secondary heart field and the
epicardium are also critical during heart development. Although it has been well accepted
that neural crest (NC) cells are essential for the proper formation o f the outflow tract,
their contribution to the heart per se has been a source o f constant debate. In this
dissertation I have provided evidence that NC cells and their derivatives contribute cells
to the heart, specifically to the atrioventricular (AV) endocardial cushion and the valves
that originate from this region. At least part o f these cells reach the heart already
committed to the melanocytic fate and display a stereotypical distribution in the
developing and adult AV valves. There, they may regulate the mechanical properties that
are so critical for the control o f blood flow in the heart.
In Chapter II, I suggested that the transcription factor Soxl 0 that has been used as
marker for early migrating NC cells can also be used to label the cardiac neural crest
(CNC) cells. As all other markers so far described for CNC cells, SoxlO is downregulated
as these cells reach the outflow tract. In contrast to others, SoxlO is subsequently
upregulated and marks at least p art o f the cardiac nerves. It will be interesting to
determine if SoxlO is expressed by the neurons o f the cardiac ganglia and their axons or
the glial cells that surround them. The latter is most likely given that SoxlO is also a
marker for Schwann cells in other areas o f the PNS. SoxlO homozygous embryos die
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around embryonic day 13.5 (E13.5) o f unknown causes. The expression o f SoxlO in CNC
cells and cardiac nerves suggest that they may die from cardiac failure.
In Chapter II, I have also described a putative new role for CNC cells in heart
development. M y experiments showed that in E l 2.5 Pax3 homozygous embryos, which
are deficient in CNC cells, there is a high number o f apoptotic cells in the AV
endocardial cushion. These findings support the idea o f a broader role for CNC cells
during development. Most lineage tracing experiments performed in chick or mice have
not shown CNC cells reaching as far as the AV endocardial cushion. The few studies that
have claimed the presence o f CNC cells in this area, describe the existence o f very few.
Thus, it is very likely that the cells undergoing apoptosis in the AV endocardial cushion
in the Pax3 homozygous embryos are not CNC cell derived. Instead, the CNC cells that
contribute to the outflow tract or those few cells that reach deeper into the AV
endocardial cushion are likely to provide survival factors for other mesenchymal cells.
The determination o f the lineage o f these apoptotic cells and the identification o f the
factor(s) secreted by CNC cells that control their survival will further our understanding
o f the roles played by CNC cells during heart development.
In Chapter III, I showed that NC-derived melanocytes contribute and persist in
areas o f the heart other than the OFT. Using the Dct-LacZ mouse model I identified the
first day (E12.5) in which melanoblasts can be found within the heart, mostly localized in
the AV endocardial cushion. Interestingly, their timing o f arrival in the heart coincides
with the time when cutaneous melanoblasts populate almost the entire surface o f the
embryo. Earlier at E l 0.5, melanoblasts and CNC are co-localized at the otic vesicle level
o f the embryo. However, the data presented indicates that these are two different cell

102

populations based on their level o f commitment, signaling dependence and timing o f
arrival in the heart. Future experiments to investigate whether signaling pathways such as
those mediated by Endothelin receptor a and FGF-8, which affect CNC cells but not skin
melanocytes, have an effect on cardiac melanocytes will help to clarify if there is a
signaling overlap requirement between these two populations o f cells.
In hypopigmented mouse mutants (Kit and Ednrb) no pigmented cells were found
in the heart demonstrating that the same signaling pathways are involved in the proper
development o f melanocytes destined to the skin and the heart. Although the Dct-LacZ
transgenic system is inadequate to show that that those melanoblasts found in the heart at
E12.5 descend directly from the melanoblasts migrating through the dorsolateral
pathway, their reliance on Ednrb and Kit signaling infers that.
In the D ct-LacZ mouse, the dramatic increase in the number o f melanoblasts
found close to the heart at E l 1.5 and those seen in the AV endocardial cushions at E l 3.5
suggests that after the melanoblasts reach the heart, they increase their proliferation rate.
This can be due to an environment that is rich in mitogens such as Endothelin 1 and
members o f the fibroblast growth factor family. In hyperpigmented mice (K5-tTA;TREEdn3), in which the keratin 5 promoter drives transgene expression to certain areas of the
heart including the developing AV valves, the higher number o f melanocytes in this
location reinforces the idea that the cardiac melanocytes respond to the same
environmental signaling molecules as the ones that populate the skin. In these animals,
melanocytes were also found in ectopic areas surrounding the heart, such as the OFT.
The fact that cardiac melanocytes are absent in Kit mutants and these animals live
well into adulthood with an apparent normal heart, showed that those cells are not
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essential for heart morphogenesis or physiology, at least when animals are kept in
captivity. They may, however, have a slighter role that becomes critical in stress
situations or the presence o f melanocytes in the AV valves might give a mechanical
support to the valves to avoid reflux o f the blood. Although cutaneous melanocytes
protect against UV damage and inner ear melanocytes seem to participate in controlling
ionic balance for the maintenance o f the endocochlear potential, these functions do not
seem applicable to those that reside in the heart. The location and timing o f arrival of
cardiac melanocytes in the heart suggest that they may be involved in AV valve
development from the endocardial cushions. They may, for example, be involved in the
regulation of ECM remodeling. Additionally, they may play a role in the modulation of
the mechanical properties o f the leaflets that are critical for the functionality. These
possibilities were explored in Chapter IV.
In Chapter IV, I described the localization o f melanocytes within the AV valves
during post-natal stages o f development. There is a possibility that melanocytes are
populating these areas because it is the region in direct contact with blood flow and
subjected to shear stress. The localization o f melanocytes was mostly restricted to the
atrial aspect of the leaflets which is coated by a vascular endothelium that responds to
shear changes. The vascular endothelium participates in the remodeling o f the valve and
may interact with valvular interstitial cells through the release o f paracrine factors.
Melanocytes might be populating the AV valves to contribute to these responses.
In wild type mice, only the AV valves present melanocytes. This fact might be
explained because o f the different ontogeny between the AV and pulmonary valves.
During development, the AV valves are connected to the formation o f the outflow tract
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which is derived from the arterial pole. On the other hand, the pulmonary valve originates
in the venous pole. Although there is some evidence suggesting that NC cells migrate
through both poles to populate the heart, the fact that only the AV valves have
melanocytes supports the idea that the point o f entrance for them is from the arterial pole
only. Additionally, there is evidence that most o f the cells that reach the heart via the
venous pole undergo apoptosis after arrival. Hyperpigmented transgenic mice that over
express Endothelin 3 (ET3) have melanocytes in their pulmonary valves. It is still unclear
the reason for such an ectopic expression but my preliminary data suggested that this
might be due to the keratin 5 promoter driving expression of ET3 not only in the skin, but
in this case, in the heart. The extra amount o f ET3 signal may prevent the apoptosis o f
NC derived cells arising from the venous pole o f the heart.
In order to determine if melanocytes are involved in the regulation or associated
with any o f the ECM proteins, I analyzed their localization in relationship to

the

expression pattern o f Versican B and Collagen I. These are two important ECM proteins
for post-natal valve development. Interestingly, melanocytes were co-localized with areas
o f Versican B expression, which is the most common proteoglycan that characterizes the
spongiosa layer o f the leaflets. In hypopigmented and hyperpigmented mice, I did not
find a difference in the expression pattern o f neither Versican B nor Collagen I when
compared with wild type hearts. These findings demonstrate that melanocytes are not
involved in the expression o f these two ECM proteins. However, there are other isoforms
o f Collagens, Versicans and other ECMs that are required for post-natal valve formation.
Further studies should try to identify the extracellular environment in the AV valves with
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or without melanocytes. The histological analysis can lead to a better understanding o f
the role melanocytes may play inside de heart.
Previous studies showed that Versican can control NC cell migration acting as a
barrier and negatively regulating their migratory trajectory. Thus, it is possible that this
may explain why melanocytes and Versican B share the same area in the AV valves.
Additionally, a recent report demonstrated that Versican has a role in melanocyte survival
supporting the idea that populating the same region within the AV valve would be
favorable for the melanocytes.
Although melanocytes might not contribute directly to valve remodeling, it is
important to find their role within the AV valves. One o f the most attractive hypothesis is
that these pigmented cells provide structural support for the proper functioning o f the
valves. To identify if the mechanical profile o f the AV valves is influenced by the
presence or absence o f melanocytes, I performed experiments that measured the stiffness
coefficient o f wild type, hyperpigmented and hypopigmented hearts. The analysis o f the
tricuspid leaflet showed that areas with melanocytes have a higher stiffness coefficient
than areas without them suggesting that melanocytes might indeed have an effect in the
biomechanical properties o f the valves. This can be explained by the presence o f more
cells, by some particular components o f the melanocytes or by alterations that they may
exert on the ECM. The one melanocyte specific characteristic that may underlie this
phenomenon is the production o f melanin. Melanin is a very non-soluble molecule that
forms aggregate with proteins, potentially affecting the hardness o f the tissue.

To

understand exactly the way the pigmented cells are influencing the AV valves, a more
detailed histological analysis o f the mutant leaflets, including the evaluation o f other
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ECM molecules, is required. Additionally, experiments to analyze the hearts o f albino
mice, which have melanocytes but do not produce melanin, will clarify if it is the
melanocytes or the melanin that increase the leaflet stiffness.
The understanding o f all steps o f valve development will help medicine cure
valve diseases. In the United States, doctors perform 99,000 heart valve operations each
year (www.texasinstitute.orgl. Nowadays, there are two kinds o f valve replacement: the
mechanical valves, which are normally made o f plastic, carbon or metal; and the
biological valves, which are made from animal tissue or taken from a donated heart.
Although the mechanical valves are strong and last a long time, the blood tends to stick to
them creating blood clots. Patients with this kind o f artificial valve have to take
anticoagulants for the rest o f their lives. The biological valves present problems as well
because they are not as strong as the mechanical valves and they only last up to 10 years.
However, patients with this kind o f artificial valve do not depend o f blood-thinning
medicine (www.texasinstitute.org) . It is clear that the number o f valve replacements each
year just in the United States urges for a better solution and/or alternative treatments for
valve diseases. The understanding o f the molecular and mechanical properties o f the
valves during its embryonic and post-natal development can lead to the advance o f
optional treatments.
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